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ABSTRACT

Scanning strategies for research and operational applications were developed for

meteorological measurements with an experimental phased array radar, the MWR-05XP.

A tornadic storm sampling strategy was developed with a 502.26 ms volumetric update

and a resolution of 1.80 Az x 20 El x 150 m range. A sampling strategy for severe

thunderstorm clusters was developed with a 10 second volumetric update and a resolution

of 1.80 Az x 20 El x 300 m range. An operational weather scanning strategy was

developed with an 81 second volumetric update and a resolution of 1.80 Az x 20 El x 150

m range. In general, for the acquisition of weather data, single frequency phased array

radars offer only a slight sampling advantage over conventional scanning radars. This

research verified that for meteorological sampling with the MWR-05XP, frequency

diversity, coupled with electronic elevation scanning, offers a significant sampling

advantage over conventional radars. The combination of electronic beam steering and

frequency diversity produces a synergistic reduction in sampling time that increases the

overall volumetric update rate. This research has also shown that, based on assumptions

about the MWR-05XP operating parameters, it is possible to incorporate operational

weather scanning into the radar's multifunction capability.
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I. INTRODUCTION

A. BACKGROUND

As technologies expand and technological prowess grows so has the realization

that along with these advances vulnerabilities also grow. Technology forces users to

favor fewer, more capable systems that tend to cluster in strategic centers of operation as

system complexity, capabilities, and costs rise. Consequently, the potential for loss or

damage is increased when these centers of material and personnel are impacted by meso

and microscale weather events. Tactical weather radars (TWR) are key to protecting

these operation centers from the only enemy for which there is no defense, the weather.

Without these radars to provide advance warning of damaging weather, users are unable

to take appropriate protective measures to prevent loss of resources, readiness, and even

lives. In addition, TWRs can provide detailed real-time information to war-fighters

allowing them to exploit the weather to our advantage and to our enemies' disadvantage.

Currently, there are no TWRs designed for use in high threat forward operating

areas. The few fielded systems are primarily designed for use behind friendly lines in air

asset support roles at airports and temporary landing strips. Mobile Phased Array Radars

(PAR) are an integral part of our offensive and defensive weapons systems and are

routinely used in forward operating areas to detect and track multiple targets. Many of

these tactical radars are also suitable, in terms of transmitting power and operating

frequency, for use in making basic meteorological measurements. Therefore, the concept

of adding a weather processor to these radars should be considered. In theory, Weather

Radar Processors (WRP) can be cost effectively added to existing tactical PARs to

provide critical weather intelligence without compromising battlefield awareness.

One suitable tactical radar is the AN/MPQ-64 mobile Forward Area Air Defense

radar currently used by the US Army. The Navy Center for Interdisciplinary Remotely

Piloted Aircraft Studies (CIRPAS) is collaborating with ProSensing Inc. to add a weather

surveillance mode to this rapid scanning PAR for research and possible military

applications (PopStefanija et al 2003). The weather surveillance measurements are made

with an add-on WRP developed for this and similar radars. The system has been re-

I



designated the MWR-05XP, Mobile Weather Radar, 2005, X-band, Phased Array. When

delivered, this system will be the only mobile phased array Doppler weather radar in

existence with multidimensional beam steering capability. It will provide researchers

with high resolution temporal and spatial measurements of mesoscale weather events and

also function as the testbed for future study to determine the benefit of radar data for

tactical military applications. In order to determine feasibility for military applications,

research of system capabilities, both theoretical and empirical, must be conducted. This

thesis makes an attempt to address these first research steps.

B. THESIS OBJECTIVE AND SCOPE

In this thesis, scanning strategies for research and operational applications are

developed for meteorological measurements with an experimental PAR, the MWR-05XP.

The first objective of this research is to determine the temporal and spatial sampling

strategies for specified weather phenomena. In particular, sampling strategies that take

advantage of the fast scanning capability of a phased array radar are investigated. The

second objective of this research is to determine how sampling strategy affects the quality

of the estimates of the Doppler moments of the weather signal. These estimates are: 1)

the reflectivity or zero moment estimate of the Doppler spectrum, 2) the mean Doppler

velocity or first moment of the Doppler spectrum, and 3) the spectrum width or square

root of the second moment of the Doppler spectrum. Based on these moment estimates

and the MWR-05XP capabilities, scanning strategies for various weather phenomena will

be proposed that take advantage of PAR fast scanning capability.

The scope of this thesis is confined to meteorological research and limited

operational applications with the MWR-05XP. Much more work is required to determine

its feasibility for operational military use as a weather radar. This thesis focuses on one

research aspect, determining the first three spectral moments and developing appropriate

sampling strategies for meteorological research and operational weather scanning. This

work, along with other contributions, will provide the basis for further research with the

MWR-05XP. With some of the groundwork thus laid for research applications,

incorporation of the add-on WRP to operational AN/MPQ-64 radars for meteorological

measurements may follow and should be addressed in future work.
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C. THESIS APPROACH

A general overview of radar concepts and beam steering with phased array

antennas is presented. This is followed by a more technical overview of the MWR-05XP

and its add-on Weather Radar Processor (WRP). A mathematical development of the

equations used to derive the spectral moment estimates follows.

The scanning strategies for proposed research and operational applications are

then presented. For research, these strategies are derived by: 1) determining the scale,

expected range of Doppler velocities, and spectrum widths for various weather

phenomena, 2) determining the desired accuracy of the meteorological parameters, and 3)

developing sampling requirements based on these values and the operational constraints

of the MWR-05XP. For operational applications, the sampling strategy is determined by:

1) assumptions about the MWR-05XP operating parameters, and 2) compromises in

accuracy and coverage to insure timely meteorological updates with minimum impact to

normal radar functions. Proposed sampling schemes are presented based on these

parameters. Finally, conclusions and recommendations for continued development and

future studies are outlined.

D. RELATED WORK

1. Phased Array Radar

Forsyth (2003) at the National Severe Storms Laboratory (NSSL) provides an

overview of the establishment of the National Weather Radar Testbed (NWRT) in

Norman, Ok. The NWRT is adapting a AN/SPY-I Navy phased array radar for weather

measurements to determine if phased array technology will become the next significant

technology advancement to improve the nation's weather services. The project is

expected to take 10 to 15 years at an initial cost of $25 million. Using multiple beams

and frequencies, PAR reduces the weather scan time to one minute from six minutes for

the currently fielded WSR-88D. In addition to faster updates, the system will scan the

atmosphere with more detail at lower elevations and re-scan areas of severe weather very

quickly potentially increasing forecast warning lead times. PAR will gather storm

information not currently available, such as rapid changes in the wind fields, to provide

researchers a more thorough understanding of storm evolution.
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Wurman and Randall (2004) discuss the development of a rapid-scanning Doppler

on Wheels (Rapid-DOW) radar. They state the need for a mobile, rapid scanning radar

based on radar data from tornadoes and hurricanes citing that: a) phenomena associated

with tornado genesis evolve on timescales currently unobservable with conventional

scanning radars, and b) wind streaks in the hurricane boundary layer evolve and translate

quickly requiring observations at least every 10 seconds. The DOW radars used since

1995 to study atmospheric phenomena typically require 40 to 60 seconds for complete

volumetric sector scans. The new Rapid DOW radar uses a phased array antenna to

simultaneously transmit up to 10-frequency independent pencil beams in elevation with

fast mechanical azimuthal scanning. The system will frequency-split the returned energy

for parallel processing and produce partial volumetric data on the order of 10 seconds.

Doviak et al. (2001) outlines benefits and challenges of phased array weather

radar. They discuss improved scanning times based upon agile beam scanning and large

spectral bandwidths. They compute the increase in scanning rate over conventional radar

by equating the variances of the estimates for reflectivity and velocity. Potential

advantages of PAR are: a) faster update rates, b) improved angular resolution, c) better

measurement of spectral moments in the presence of beam blockage, d) mitigation of

ground clutter effects, e) simultaneous observation of weather and tracking of objects

such as aircraft or balloons, and f) improved spectrum width measurements. Specific

challenges of the technology include: a) a dual polarization phased array is needed to

make a significant improvement in quantitative precipitation measurements, b)

instantaneous retrieval of transverse winds may be possible by correlating signals

received simultaneously on different portions of the phased array, c) clutter canceling in

the beam switching mode requires special processing techniques that need to be

validated, and d) scanning strategies that adaptively adjust the beam direction to the

location of weather phenomena need to be developed.

2. Doppler Radar Wind Spectra

Bluestein et al. (1993) using a portable 3-cm Doppler radar collected close-range

data at and below cloud base from six supercell tornadoes in the southern plains during

the springs of 1990 and 1991. Data collection and analysis techniques are described and

wind spectra from six tornadoes are presented and discussed. Maximum Doppler wind
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speeds of 55-105 m s-1 were found in five of the tornadoes, wind speeds as high as 120-

125 m s-1 were found in a large tornado during an outbreak on 26 April 1991. The

variation in the spectrum across the 26 April tornado is presented. Standard and mobile

soundings and surface data, used to determine the "thermodynamic speed limit" indicate

that it was usually exceed by 50-100%. A comparison of Doppler spectra with simulated

spectra suggests that the maximum reflectivity in supercell tornadoes lies well outside the

core.

Fang and Doviak (2001) relate WSR-88D spectrum width data to various weather

conditions. They discuss WSR-88D spectrum width (SW) error sources and a method of

censoring erroneous width data to obtain reliable data for analysis. Their preliminary

study provides values of spectrum width for various weather phenomena. Error sources

for SW include: a) overlaid weather signals resulting from relatively short pulse

repetition frequencies, b) low signal-to-noise ratios due to receiver noise and incorrect

estimates of noise power, and c) incorrect setup of the automatic gain control circuits

causing clipping of the weather signals producing harmonics of the weather spectrum. In

this study, erroneous data is censored by raising the overlaid multiple trip weather signals

threshold up to 20 dB from 5 dB. If one of the trip signals is 20 dB or more stronger than

the sum of the other trip signals, then the spectral moments of the stronger signal can be

estimated without significant error (within the specifications of the WSR-88D).

Algorithms have been developed to select data with a signal power at least 20 dB higher

than the sum of competing out-of-trip signals. Derived SW values are: a) less than 2 m s-
1 for isolated tornadoes, supercells, daytime clear air, stratiform rain, and snow, b)

median values of 2.3 to 3.8 m s-1 for widespread rain showers and severe storm clusters,

and c) large values of 4.5 to 5.8 m s-1 for embedded areal squall lines.
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II. PHASED ARRAY WEATHER RADAR

A. RADAR SYSTEM CONCEPT

Most objects reflect radio waves similar to the way they reflect light. Radar

operates by radiating electromagnetic energy and detecting the energy returned from

reflecting targets (Skolnik 1990). Radio or radio frequency (RF) energy incident on an

object is either reflected, transmitted through, or absorbed by the target. The manner in

which RF energy interacts with the target depends on the target properties and the

position and orientation of the target to the incident radiation. For radar systems, one is

primarily interested in the reflected energy, specifically the portion of reflected energy

backscattered toward the receiving antenna. The received radar echo provides

information about the target such as distance, speed, or composition. The range to the

target is found from the time it takes for the RF energy to travel to the target and back.

The location of the target is determined from the azimuth, elevation, and range from

which the returned echo is received. For moving targets, the radar can determine the

trajectory, and, the Doppler shift in frequency of the return echo provides information on

target radial speed.

Although radars are highly specialized for their intended use, most share common

basic components. The following discussion is intended to provide a layman's

understanding of a basic radar system. A simple block diagram of a Doppler radar is

shown Figure 2.1.

The transmitter develops and amplifies the signal to be radiated by the antenna.

The waveform generator, as its name implies, develops the pulsed Doppler waveforms at

low power. The waveforms are amplified to the kilowatt (kw) level in the power

amplifier which is generally a klystron for Doppler weather radars. A klystron is a

specialized vacuum tube that coherently amplifies a reference signal so its output can be

precisely controlled in amplitude, frequency and phase. For Doppler radar, an extremely

small Doppler induced frequency shift must be detected by comparing the received and

transmitted frequencies. In order to achieve this required high transmission stability, a

Stable Local Oscillator (STALO) generates a signal which is mixed with a stable

7



Coherent Oscillator (COHO) in the mixer. The mixed signal results in a transmitter

output signal that has a stable frequency and phase for later comparison with the received

echo.

I TRANSMITTER GROUP
DUPLEXER POWER WAVEFORM

TX/RX AMPLIFIER GENERATOR
ANTENNA -- - - - -AL -- - - -- - - -- - - -

SRECEIVER GROUP
LOW NOISE

AMPLIFIER

IF CH
AMPLIFIER

MATCHED
FILTER PHASE

DETECTOR

OUTPUTPROCESSOR

Figure 2.1. Simplified block diagram of a Doppler radar.

The duplexer, which is generally a gas-discharge device or solid state circulator,

acts as a rapid single-pole-double-throw switch to connect the antenna to either the

transmitter or receiver. The duplexer must completely isolate the sensitive receiver to

prevent damage when the high power transmitter is on. After energy radiates from the

antenna, the duplexer switches the transmitter off and connects the receiver to listen for

return echoes. For most radars, the antenna both transmits high power RF and receives

energy backscattered from atmospheric targets. This is known as a monostatic radar in

which the transmitter and receiver are co-located and share a common antenna. The

antenna radiates the transmitter power into space in a narrow beam. When the transmitter

switches off, the antenna intercepts any backscattered energy and is connected to the

receiver through the duplexer.
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The return signal intercepted by the antenna is sent to the receiver. Doppler radar

receivers are usually of the superheterodyne type. A superheterodyne receiver converts

the received high frequency signal to a lower frequency for processing while preserving

the phase information of the signal. The receiver separates the desired signal from other

noise and signals and amplifies it for display or automated processing. In the receiver,

the RF signal is converted down to an intermediate frequency (IF) in the mixer then

amplified in the IF amplifier. A matched filter maximizes the signal-to-noise ratio (SNR)

at the output of the IF amplifier to increase the detectability of the signal. The phase

detector compares phase information of the received signal through the STALO to the

phase of transmitted signal through the COHO. This phase difference gives the Doppler

shift of the received signal.

The signal is then sent to the signal processor where correction algorithms such as

velocity and range ambiguities are accomplished before further processing. Signal

processing is not a distinct function as depicted in the block diagram however. Some

functions of signal processing actually take place in the receiver in order to reject

undesired signals and pass desired signals on to the detector. These functions include

clutter rejection and Doppler filtering.

Processed data are passed to the output for display and/or storage. Some

examples of output devices are video displays, audible warnings, printer outputs, or

generation of other automated products. Weather radar data is often stored in analog or

digital format for research, education, or training. More recently, output data has been

used to assist in the initialization of storm scale and mesoscale weather models and also

to provide real-time displays on the internet.

B. PHASED ARRAY ANTENNA PRINCIPLES

A phased array is a directive antenna made of smaller individual radiating

antennas. It generates a radiation pattern whose shape and direction is determined by the

relative phases and amplitudes of the individual antennas or elements. The radiating

elements may consist of dipoles, open-ended waveguide, slots in waveguide, or printed-

circuit patches. Phased arrays allow for fast and precise control of the radar beam. The
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radar beam shape, direction, and even multiple beams can be generated with the phased

array which adds tremendous utility to radar systems. This agile beam control permits

faster scanning and allows the radar to perform multiple functions almost simultaneously

such as scanning and multiple target tracking.

The phased array antenna shown in Figure 2.2 is a simple five element linear

array. To steer the beam, power is applied to the radiating elements in a given order with

a time delay between elements, rows, or groups of elements. This creates a phase

difference across the array of radiators producing a composite wavefront due to

constructive interference that can be electronically steered.

COMPOSITE WAVEFRONT

1•2 
35

RADIATING ELEMENTS

Figure 2.2. Linear five element phased array.

To steer the beam at an angle 0, normal to the antenna face, a phase difference '

is applied between adjacent elements, where V is given from Equation 2.1 (Skolnik

1990).

9 2n1s sin(00 ) (2.1)

where: ' = phase difference, in radians (rad), between two adjacent elements
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s = distance, in meters (m), between two adjacent elements

X. = wavelength, in m, of transmitted signal

0• = angle, in degrees (0), of beam steering from normal

The basic techniques for electronic beam steering are frequency scanning and

phase scanning with phase shifters. Frequency scanning is accomplished by slightly

varying the transmitted frequency which changes the relative phase of the elements in the

array resulting in beam steering. Phase scanning with phase shifters, discussed above, is

the most popular approach. Both frequency and phase scanning are utilized with the

radar in this thesis.

Beam steering with phase shifters is not a new technology. Early radar systems

used antenna arrays because their lower operating frequencies required large antennas.

As radar technology progressed into higher frequencies, most arrays were replaced by

smaller, less expensive antennas such as the common parabolic reflector. In World War

II, the United States, Great Britain, and Germany used large phased array antennas with

mechanically actuated phase shifters to steer the beam. Crude electronic phase shifters

replaced mechanical shifters by the early 1950s. Advances in electronics, computer aided

design, and signal processing have fueled a renewed interest in phased array technology

for research and military applications. Today, digitally switched phase shifters

employing ferrites or Positive-Intrinsic-Negative (PIN) diodes allow beam steering in two

dimensions.

C. MWR-05XP OVERVIEW

The key interest in PAR, or beam agile radar, for meteorological research is its

extremely rapid scanning capability. According to Keeler and Frush (1983), the basic

requirements for a rapid scanning meteorological radar is an ability to provide volume

imaging of a large fraction of a hemisphere in less than 60 seconds with a beamwidth on

the order of 10. Other important requirements include a range resolution on the order of

200 m, operation at a frequency below 10 GHz to minimize attenuation, and sufficient

sensitivity to track storms out to 50 km. One suitable tactical radar that meets these

requirements is the AN/1MIPQ-64 Forward Area Air Defense radar currently used by the
11



US Army. It is a mobile, X-band, search and track radar with a phased array antenna

combining electronic elevation and mechanical azimuth scanning (see Figure 2.3).

Figure 2.3. AN/MPQ-64 PAR (From PopStefanija et al. 2003).

The Naval Postgraduate School (NPS) Center for Interdisciplinary Remotely

Piloted Aircraft Studies (CIRPAS) and the NPS Department of Electrical and Computer

Engineering are collaborating with ProSensing Inc. to add a weather surveillance mode to

this rapid scanning PAR for research and possible military applications (PopStefanija et

al. 2003). The radar is jointly operated by CIRPAS and NPS in Monterey, CA. for

education and research. ProSensing, based out of Amherst, MA., is developing an add-on

Field Programmable Gated Array (FPGA)-based weather radar processor compatible

with this and similar radars. The system will provide radar control, data acquisition, and

signal processing for 3-D weather radar measurements. The system has been re-

designated the MWR-05XP, Mobile Weather Radar, 2005, X-band, Phased Array. As

part of the development effort, the system has been re-configured to fit all components
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(antenna group (ATG), operator shelter, WRP) and a power generator on a flatbed truck

(Figures 2.4 through 2.7) to improve system mobility and functionality for use as a

mobile measurement laboratory similar to the Doppler on Wheels (DOW) research

radars. When delivered, this system will be the only mobile phased array Doppler

weather radar with multidimensional beam steering capability in existence. It will

provide researchers with high resolution temporal and spatial measurements of mesoscale

weather events and also function as the testbed for future study to determine the benefit

of radar data for tactical military applications.

ATG OCrmmr a

q Norh Ref& Til Data]_.iWeather Radar rcso

AT oStaus

Timing (PRF, Xmtr Trigger)

Figure 2.4. MWR-05XP system block diagram (After PopStefanija et al. 2003).

M2 Truck with X-Band Radar in Lowered Postion (driving configuraton)

127.• - 79.1 in. Pl0.6fltn.

~~IZ - 2ff in.

Anenna 00in.
12.201,-

'i 37.00h. 10'-10 1W

-27.00 Radar IFatrm
Fully Closd

.242

Figure 2.5. MWR-05XP truck driving configuration (After Knorr 4 Feb, 2005).
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M2 Truck with X-Rsnd Radar in Radiaring Pnsiflon

127.909 DC.1n

58.5Dtn. -Radar

Platform

LTG,

I in. 12'-11 1M2"

M950 LJGener~tor S37.0n

Figure 2.6. MWR-05XP truck operating configuration (After Knorr 4 Feb, 2005).

Figure 2.7. MWR-05XP System (From Knorr 16 Mar, 2005).

The radar beam can be mechanically scanned in azimuth (Az) over 3600 at a rate

of 3 or 30 rpm and electronically scanned in elevation (El) over a 220 sector. At 30 rpm,

this 360'x22' volume can be uniformly sampled in only two seconds at a volumetric

resolution of 1.80 Az x 20 El x 150 m range (PopStefanija et al. 2003). Antenna beam

control and range resolution accuracy are 0.20 Az and El x 40 m range, which gives a

volumetric pointing accuracy of 35m Az x 35m El x 40m range at 10 km. The antenna

can also be frequency scanned in Az by +/- 3.5' allowing the beam to momentarily dwell

on a fixed Az even while the antenna is rotating. The antenna also has an actuator arm

which moves the antenna back and forth in a 450 arc. The fastest scanning rate with the

actuator arm is 4 seconds per 45'. Other key radar parameters are listed in Table 2.1.
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Certain parameters of the MWR-05XP are classified because an upgraded version of the

radar is currently in use by the US Army. The values given are based on unclassified

parameters and represent a lower resolution than actual system capabilities (Johnson

2000).

Transmitted Frequency X-Band 9.37-9.99 GHz

Maximum Power 26 Kw

Operating Range 1 km to 75 km

PRF 488 Hz to 10 KHz

Receiver IF Frequency 96 MHz

Range Resolution 150 m (,r = 1 p s)

System Floor Noise -108 dB

Transmission Loss 4 dB

Antenna Aperture 1.2 m x 1.2 m

Beamwidth 1.80 Az x 2.00 El (pencil beam)

Scan Range 3600 Az x -15' to +55' El

Table 2.1. MWR-05XP key system parameters.

From the radar range equation the expected single-pulse sensitivity vs. range

performance of the MWR-05XP is plotted in Figures 2.8 and 2.9. Figure 2.8, for

precipitation, shows how several values of radar reflectivity, Z, vary with range. The

receiver noise, RX Noise, is approximately -108 dBm and represents the noise threshold

below which single-pulse returns can not be distinguished from noise. Integrating pulses

improves the SNR which increases sensitivity. The receiver saturation, RX Sat, is

approximately -36 dBm and represents the level at which the receiver input is saturated.

Clear air data, Figure 2.9, shows how several values of the refractive index vary with

range. Clear air returns result from variations in the refractive index, C,2 , due to

turbulence. From the figure, it is clear that for detection, several pulses must be

integrated to increase the SNR above the receiver noise threshold.
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MWR-05XP Single Pulse Rain Performance:
RX Power in dBm vs. Range in Kilometers
For Reflectivity Parameter 5 dBZto 75 dBZ

Prof. Jeffrey B. Knorr, NPS, Monterey, CA 93943
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Figure 2.8. Single-pulse precipitation performnance (From Knorr 31 Jan, 2005).

MWR-05XP Single Pulse Clear Air Performance:
RX Power in dBmn vs. Range in Kilometers

For Turbulance Parameter Cn A2 Strong, Medium & Weak
Prof. Jeffrey B. Knorr, NPS, Monterey, CA 93943
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Figure 2.9. Single-pulse clear air performance (From Knorr 31 Jan, 2005).

The key element of the MWR-05XP for making meteorological measurements is

the weather radar processor. The WRP system, block diagram shown in Figure 2.10,

accepts IF signals from the radar and can either tie into existing control signals or can

take control of the radar.
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Figure 2. ]0. WRP block diagram (From PopStefanija 2005).

The WRP is controlled via a graphical user interface (GUI) which allows data

display in a variety of formats. The WRP consists of two cards; a programmable FPGA-

based controller, and a high performance digital receiver/signal processor. The FPGA

controller, with its high performance processor, large external memory, and data

averaging algorithms, offers superior computational speed with data throughput in excess

of 1 Gbyte/s. The digital receiver/signal processor provides superior linearity and

dynamic range over analog detection techniques. The WRP performs the following

functions (Popstefanija et al. 2003):

1. All processing and data compression algorithms including notch filters for

clutter rejection, staggered and dual pulse repetition time (PRT) for velocity

dealiasing, digital I/Q detection, digital bandpass filtering, and pulse

compression.
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2. Radar control allowing instantaneous beam pointing angle control appropriate

for weather surveillance.

3. Interface between radar and data system to merge raw radar data with

auxiliary information such as antenna pointing angle, time, and GPS

information.

4. Outputs reflectivity, pulse-pair derived velocity, and full-spectra at each

sample volume in real time.

5. System control, post-processing, and display software.

The system currently provides real-time scrolling display of reflectivity and

velocity. Reflectivity is currently a relative non-calibrated estimate. Spectral width,

which is obtained from a Fast Fourier Transform algorithm, will be added for real-time

display before final delivery in spring 2005. Data are also available in raw mode for

post-processing. The software is adapted from ProSensing's processing and real-time

display software already developed for previous weather radar applications. The

meteorological moments (reflectivity, velocity, and spectrum width) will be displayed in

real-time during data-gathering operations for on-line confirmation of data quality and

integrity, and stored in universal radar format for post-processing by commercial

software. Universal format includes raw radar reflectivity, velocity, and spectrum width

data merged with auxiliary information such as antenna position, time, and GPS.

The radar GUI, shown in Figure 2.11, is displayed on a host laptop and is

programmed with four scanning modes. These include (Popstefanija 2004):

1. Raster scan - user selectable start and stop points in both El and Az (see

Figure 2.12a).

2. El scan - scans a vertical slice (fixed Az) with user selectable start and stop El

points.

3. Fixed frequency El scan - same as El scan except the transmitted frequency is

fixed which adds a slight arc to the scan (see Figure 2.12b).

4. Point - stares at a constant user selectable Az and El.
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Scan I Reflectivity

Start Stop Steps
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Figure 2.11. MWR-05XP GUI display (After PopStefanija 15 Oct, 2004).
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Figure 2.12. MWR-05XP scanning modes (After PopStefanija 15 Oct, 2004).
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III. MATHEMATICAL DEVELOPMENT FOR
METEOROLOGICAL MEASUREMENTS

A basic mathematical development of the equations used in this thesis is provided

for interested readers. This chapter is intended only to provide a brief overview of the

key equations and concepts for the purposes of attaining a basic conceptual

understanding. For a more thorough treatment of radar theory, the reader is referred to

advanced texts on the subject such as Raghaven 2003, Doviak and Zrnic 1993, Sauvageot

1992, or Skolnik 1990.

The main difference between weather radars and other types of radars lies in the

nature of the targets to be detected. The atmosphere interacts significantly with both the

transmitted and reflected energy, and, for many radar applications, produces undesirable

weather clutter. This clutter is a result of absorption and reflection from numerous

atmospheric constituents or phenomena such as: suspended industrial or natural particles,

water vapor, precipitation, lightning, or strong thermal or humidity gradients. Other

types of clutter include cosmic and man made noise. Many radar applications attempt to

discriminate relatively few targets from this clutter background, for example, in the case

of aircraft or missile tracking radars. Weather radars, however, focus on accurately

estimating the parameters of the weather signal itself which provides radar designers with

unique challenges. A familiarity with basic radar equations and a conceptual

understanding of the weather signal Doppler power spectrum, correlation, and coherency

are essential.

A. BASIC RADAR EQUATIONS

1. Fundamental Relationships

Range to a target is the most fundamental quantity typically measured by radars.

The range is determined by measuring the round trip travel time, Tr, of a pulse from the

radar to the target and back as shown in Figure 3.1. Following the development by

Raghaven (2003), for a monostatic pulsed radar, the range, r, in meters is given by

ctr= (3.1)
2
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where c = speed of light in a vacuum, 3 x 108 m/s and t = time in seconds.

TRANSMITTED
PULSE

RECEIVED

F-- PULSE

4 Tr p TIME

Figure 3.1. Travel time of the radar pulse (After Knorr and Jenn 2004).

In practice, a group of pulses, or pulse train, are transmitted in order to integrate

several target returns to improve the chances of detection. Figure 3.2 shows a pulse train

waveform where Po = pulse amplitude, zr = pulse width in seconds, and Tp = pulse period

in seconds. If a target is moving with a radial component of velocity, v, both the range to

Pg - T
tJ~ ~~ V Vj V iV V1 V• V ILt[• TIME

Figure 3.2. Pulse radar transmission (After Knorr and Jenn 2004).

the target, r, equation (3.1) and the phase shift, 0, change continuously. The phase shift,

0, is given by:

041rrf (3.2)

C

where f = frequency of the radar. A change in 0 with respect to time is a frequency. This

is known as the Doppler angular frequency, co, and is given as:

do F41rdr 41rv
co= 2F- 2L = dt (3.3)

where A = wavelength of the radar, F = Doppler frequency shift, and v = radial

component of velocity, or
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F = 2v _ 2vf (3.4)

r C

and

Fc FX
v =- - (3.5)

2f 2

The number of pulses transmitted per second is called the pulse repetition

frequency (PRF) and is the reciprocal of the time interval or period, Tp, between pulses.

For example, a Tp of 1 millisecond equates to a PRF of 1 KHz. Applying a time of 1

millisecond to equation (3.1) gives a range of 150 km. This means the echoes from all

targets within 150 km will arrive at the radar before the subsequent pulse is transmitted.

Echoes from targets beyond 150 km will arrive after one or more subsequent pulses have

been transmitted and are called multiple-trip echoes. These echoes will be displayed at

an incorrect or ambiguous range which is equal to its true range minus a multiple of 150

km. The maximum unambiguous range, r,, is:

Cr (3.6)
2(PRF)

If the target is moving with a radial velocity component, its echo will be Doppler

shifted as shown. The maximum Doppler shift, Fmax, which can be detected without

ambiguity is given by:

PRF
FI.- 2 (3.7)2

Therefore, the maximum target velocity, v,, which can be unambiguously determined is:

(PRF)2 (PRF)c (3.8)
4 4f

Combining equations (3.6) and (3.8) gives the following relationship:

c 2 AcvU 8- 8- (3.9)
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Equation (3.9) shows that in order to maximize r,, the PRF must be low, and to maximize

v, the PRF must be high. A compromise is necessary if both r, and v, are to be measured

unambiguously. This is known as the Doppler dilemma and places a fundamental

constraint on radar design if a constant PRF is used.

2. Power Received

Another primary quantity measured by the radar is the received power. Following

Raghaven (2003), consider a radar antenna to be an isotropic point radiator radiating

equally in all directions with a power, P, in Watts. At a given distance, r, power is

2spread informally over the surface area, 4 AT, of a sphere. The power incident on a unit

area or power density is:

PI 2(3.10)

Because the antenna is directional, it transmits power in a given sector. This is referred

to as G, or antenna gain, and is the ratio of power a directional antenna transmits in the

sector to the power an isotropic antenna would transmit in the same sector. This gives

the power density, Si, at range r as:

,=rG2  (3.11)

Assume a target at range r presents an effective area o-to the transmitted radiation and

that o is small compared to the area of the radar beam. The target intercepts a power oSi,

which, if radiated isotropically, would produce a power density at the receiving antenna

equal to that actually received from the target. Thec that satisfies this condition is

referred to as the radar cross section of the target. The power re-radiated from the target

towards the antenna is:

P/,G- (3.12)

(41r 2)

This re-radiated power will spread uniformally over the surface of a sphere of radius r so,

for a monostatic radar, the power density at the radar receiver is
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Pt 2)2 (3.13)
(4-r 2)2r

If the effective aperture area of the antenna is Ae, the power received by the radar, Pr, is:

Pt GAe er
P,.- (3.14)

(41zrr 2)2

From antenna theory (Kraus 1950) it can be shown that:

A G 2  (3.15)
41r

Therefore,

P PtG 222 " (3.16)

(41 )3 r 4  •

When Pr equals the Minimum Detectable Signal, Stain, of the receiver, it represents the

maximum range of the radar. This fundamental relationship is known as the Radar

Range Equation (RRE):

(PG2o7A22rm= 1 I (3.17)
(4r) 3mSn)

The RRE shows that for a target small in relation to the radar beam area, the received

echo power is inversely proportional to the fourth power of the range.

3. Noise and Integration

Radars can detect echo power levels on the order of 10-17 of the transmitted

power. Because these signals are so weak, the performance of the radar receiver is

limited not by its amplification but by the noise figure of the receiving system. This

noise figure, N0 , is expressed in Kelvin but is not a physical temperature. It consists of

the antenna noise temperature, Ta, and the equivalent receiver noise temperature, Te and

is expressed as

N = k(TA+TE)BN (3.18)

where k = Boltzman's constant, 1.38 x 10-23 J/K and B, = noise bandwidth in Hz. In the

presence of noise, the key parameter for detection of the radar echo is the Signal to Noise
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Ratio (SNR). SNR is expressed as the power received, Pr, divided by the noise, N. From

equation (3.16) the SNR is:

SNR- P" PG 22C(

N, - (41r)3 r 4No 
(3.19)

Equivalently, solving equation (3.17) for rm,, in terms of SNR gives:

rM. = (41N) 3NSrn) (3.20)

Integrating the return of n pulses will improve the SNR. For Doppler radar,

coherent integration of n samples, which preserves the phase information of the return

echoes, improves the SNR by a factor of n. If two correlated pulses are integrated, their

signal voltage combines in phase and doubles while the noise voltage combines with

random phase and remains unchanged. This produces an improvement of two in the

SNR. If n pulses are coherently integrated, the improvement in SNR is ideally:

SNR, = n x SNR1  (3.21)

The integration improvement factor is defined as:

Ii (n) = SNR nEý (n) (3.22)
SNR1

where Ei(n) = an efficiency factor accounting for less than perfect integration. Utilizing

equation (3.22), the RRE (3.20) can be rewritten to include integration of returns from n

pulses:
P 2CA2nE

= G ao.ni(n) Y

rm'x (41)3NoSNR1 (3.23)

where SNR1 = the SNR for single pulse detection. In RRE (3.23), Pt is the peak pulse

power. The radar duty cycle, z/ Tp, is the fraction of the interpulse period that the pulse

is on. Figure 3.3 shows this relationship.
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Figure 3.3. Peak and average power (After Knorr and Jenn 2004).

Pay is average power computed as if the pulse energy, Pzv, were spread over the entire

interpulse period, Tp:

Pav = LE = P,r(PRF) (3.24)

Utilizing equation (3.24), when n pulses are integrated, Pay, based on n pulses, should be

used in RRE (3.23):

=v 2p 7 2 2Eý (n /4( .5

rm• =, (41r)3NoSNRlz(PRF) (3.25)

4. Power Received from Meteorological Targets

Thus far, RRE (3.25) shows the maximum range based on a single target. The

meteorological target, however, consists of an ensemble of many small targets such as

cloud or raindrops that fill the volume of the radar pulse at any given instant. Each

particle back-scatters some energy and therefore has a certain back-scattering cross

section. If one assumes the scattering is incoherent, i.e., the particles are randomly

distributed in the volume and their individual echo phases are distributed over a 27C

interval, then the expected value of the total back-scattering cross section is the sum of

the expected values of the individual cross sections. The radar cross-section, RCS, for

volume targets is defined in terms of the radar cross-section density, r7, in units of cm /m3

(RCS per unit volume). The radar cross-section density multiplied by the volume

illuminated by the radar pulse gives the total radar cross section of the volume. For

Rayleigh scattering, the back-scattering cross section,o, of a single spherical drop of

diameter D is:
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a= --jxlKl2 xD 6  (3.26)

where: I K 2 = (Sr -1)/(Sr +2) and cr is the complex dielectric constant

Cr • 80 for water and n 4.2 for ice

If the scattering volume contains drops of various sizes, the sixth powers of the diameters

of the individual drops are summed up over a unit volume to obtain the expected value of

the cross-section density, E(rq):

E(rl)x=rx K 2x D6i m2/m3  (3.27)

Reflectivity, Z, is defined as

Z -,D 6 (3.28)
V ieV

and is conventionally expressed using units of mm6/m3. It is a property solely of the

volume of particles and is independent of the radar wavelength if ;zD/2 < 1.

In general, radiation from a parabolic dish antenna travels out in the shape of a

cone. Power spreads out over a finite angular width on either side of the direction of

maximum radiation. The angle between the two directions on either side of the

maximum where the power density is half of the maximum defines the 3 dB beam width

of the antenna. Assume the beamwidth, 0, in the vertical and horizontal planes are the

same, i.e. defining a cone, the beam at range r spreads out over an area equal to,

neglecting any radiation transmitted outside the beamwidth. At any instant, the traveling

radar pulse will occupy a finite range interval, r to r+h, with h=cvbeing the pulse width.

Back-scattered power from the particles at a range r+h/2 from the front of the outgoing

pulse will arrive at the radar with time delay z (pulse width) relative to the power

scattered by particles at range r. This defines the effective range resolution or the ability
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of the radar to differentiate between targets at the same angle but different ranges. Thus

the volume sampled by the radar at any instant is:

V = In- X - (3.30)

where 0 is normally taken to be the two-way 3 dB beamwidth. The expected value of the

total radar cross section of the particles in the volume is

a- = 7xV. (3.31)

Substituting equation (3.31) in equation (3.16) gives the expected value of the total power

received by the radar from the sample volume:
P-crG 2

A2Zq E [77] (3.32)
E[P,]- 512;Zr 2

Probert-Jones (1962) gave a more accurate form of the radar equation for meteorological

targets that accounts for beam shape as

P~crG2 A202.- E [77].E[P,] Pt 22¢E (3.33)
I] 1024(ln 2);' 2r2  (

Substituting for E [q] from equation (3.27) gives E [Pr ] as a function of Z:

PcvG 2q021r3 K 2 Z (3.34)
E[P,]- '1024(ln 2)A2r 2

This shows that reflectivity, Z, can be estimated using average backscattered power.

B. SPECTRAL MOMENTS

1. Introduction

Because meteorological targets consist of millions of individual scatterers or

raindrops in each radar resolution cell, the weather signal must be modeled statistically.

Within each sample volume or resolution cell, individual scatterers are moving with

respect to each other and at the same time the ensemble itself may be moving as a result

of larger scale air motions. The back scattered signal thus contains information about the
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velocities of the individual scatterers in the form of a spectrum of Doppler shift

frequencies (Raghaven 2003). The total power, Pr, received by the radar is the sum of the

individual contributions of all the particles in the sample volume taking into account the

echo phase of each particle. The reflectivity or zeroth moment of the Doppler power

spectrum is found from the time average power of the weather signal backscattered from

the ensemble, Eq. (3.34). The Doppler frequency shift or first moment of the Doppler

power spectrum of a weather signal can be found from the RF carrier phase shift induced

by ensemble radial velocity. Over time, the weather signal phase shift (velocity) exhibits

a spread due to turbulence, wind shear and terminal velocity differences for drops of

different sizes. This spread is called the variance or second moment of the Doppler

power spectrum and its square root is called the root mean square spectrum width.

2. Gaussian Distribution of Meteorological Targets

It can be shown that the received signal from meteorological targets is well

represented by a Gaussian statistical process (Skolnik 1990). For example, a rain return

consists of the returns from a large number of small scatterers. Figure 3.4 shows how the

return power from rain varies with time. P indicates the average of the signal and T,

indicates sampling time.

10 50 I(0 Time (m)D

Temporal series of dhe received power P(t) in rain for A - 5 cm and T, - 2 m s.

Figure 3.4. Fluctuating power of the received echo (From Sauvageot 1992).

As stated earlier, the total instantaneous power, Pr, received by the radar is the

sum of the individual contributions of all the particles in the sample volume taking into

account the echo phase of each particle. To get a representative value of the average

backscattered power, it is necessary to average the fluctuating signal over a long enough

period of time. The P or fl symbol is used to indicate this averaging. Following
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Sauvageot (1992), in order to get a measure of the reflectivity, Pr, or mean power, a

number of independent or uncorrelated samples must be averaged or integrated. The

average of k independent samples of the instantaneous power is:

k

k = k-1Z", (3.35)

The probability density function, P(Jk), from Marshall and Hitschfeld (1953) is,

k -kJk
P(jk) F(k 1)!k -le (3.36)

with a standard deviation of P/k1 2. This function is shown in Figure 3.5 for various

values of k. For k greater than 10, the distribution is nearly Gaussian. As k increases, the

distribution becomes more peaked and narrow because averaging more samples results in

an estimate that has a higher probability of being close to the true value of average

power.

31pl k= 100

21F, Average value Jk ý P
Mo-t probable vallue (Jdk)p=-P(I1-/k)

Standard deviat~on Adk- Pi•

Jk

Figure 3.5. Probability distribution of the mean of k independent values of the signal
power when average power is F (From Marshall and Hitschfeld 1953).
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The curves in Figure 3.6 are computed from equation (3.36) and show the limits below

which the indicated percentages of the averages of k independent samples are expected to

fall. For example, when k = 30, 10% of the averages are below 0.75 P and 90% below

1.25 P. This means the 80% confidence limits are P ± 0.25 P. These particular limits

correspond to + 1 dB to - 1.3 dB and are close to the desired instrument accuracy in the

measurement of P. These results provide a way to determine the duration of the

observations necessary to arrive at an estimate with a given accuracy (Sauvageot 1992).

3P

2 P

875 -

25-

0 2D -, .0 . 8'0 100

Numbr of independent pulses

Figure 3.6. Estimation of P as a function of the number of independent pulses used to
calculate the average (From Marshall and Hitschfeld 1953).

3. The Doppler Spectrum

The echo arriving from a given sample volume is considered to be the sampling of

a Gaussian process and its amplitude, y(t), which is a complex random function of time

described by statistical properties, is given as

y(t) = A(t)e-i'(t) (3.37)

where A = signal amplitude and 0 = signal phase. The spectral density function, Y(f),

defines the amplitude spectrum and is the Fourier transform of the complex signal. For a

continuous, steady-state process it is given by

Y(f) = f0 y(t)e -i2,f t dt, (3.38)

and its corresponding power spectral density is
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S'(f) = Y(f)12 . (3.39)

The power spectral density can also be obtained from the complex autocorrelation

function, R(r), which is defined by

4 [T•
R ()=lim- / -2 y(t)y * (t + z)dt (3.40)

T-*coT J-T/

where zr = the autocorrelation interval and y* = the complex conjugate quantity. S(f) is

the Fourier transform of R(r):

S'(f = fR(r)e-i2,f~dv. (3.41)

Transform (3.41) also has the associated reciprocal transform

R(r) = fS'(f)ei2,'zfdf. (3.42)

The distribution of S(f) as a function of frequency describes the Doppler

spectrum. The power in a frequency interval betweenf andf + df is p(f) = S'(f)df. The

summation of S'(f) over the entire spectrum gives the average received power or zeroth

moment of the spectrum as

P= S'(f)df. (3.43)

P is a primary characteristic of the Doppler spectrum, and is shown as the area under the

curve in Figure 3.7a. By convention, the power spectral density is normalized by the

average received power, S(f)=S(f)/Pr, which is also the probability density of the

distribution. Statistical moments of order n to S(f) are associated by the general

expression

m,, =Jf'S(f)df. (3.44)

Two other primary characteristics of the Doppler spectrum, shown in Figure 3.7a, are the

average frequency, f, and the variance, o-f, which are written as
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f " fS(f)df=mr, (3.45)

_ 2

cr2 = (f-_f) S(f)df =f2-0f)2 = m2 (3.46
f (3.46)

The average frequency, f, is the first moment of the normalized spectrum and the

variance, oU, is the second central moment (centered with respect to the mean) of the

normalized spectrum. The standard deviation, Oj, is the square root of the variance, af,2

and is a measure of the spectrum width. The width of the spectrum arises because of the

spread of relative velocities of the particles in the radial direction. The observed velocity

spread is due to (Doviak and Zrnic 1993): 1) turbulence, oa, 2) wind shear, a, 3)

differences in fall velocities, ad, due to drop size distribution, and 4) antenna motion, oq.

Radar antenna motion can corrupt velocity measurement by inducing a frequency spread

resulting from the finite observation time and care must be taken to minimize this effect.

Assuming independent Gaussian processes, the variance or square of the spectrum width

is the sum of these four contributions:

2 2 2 2 2(3.47)O~v 0Ot +Os ±O~d±O*. (.7

S(f)
s(v) ~ -~-

0 f fd

Fig. a Doppler spectrum as a function of frequency Fig. b Doppler spectrum as a function of velocity

Figure 3.7. The Doppler spectrum (Figure a From Sauvageot 1992, Figure b From
Skolnik 1990).

The velocity spectrum is the image of the frequency spectrum therefore

S(f)df = S(V)dV. (3.48)

The preceding equations can be transposed in terms of velocity by the following

relationships between velocity and frequency:
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2- (3.49)

12

2 2 (3.50)
4 f

Figure 3.7b illustrates the Doppler spectrum as a function of velocity. Skolnik (1990)

gives the three moments of the Doppler spectrum in terms of velocity. Power, Pr, is

given by

P" = S(f)df =JS(v)dv (3.51)

where f and v are related by

f =(2)v. (3.52)

Mean velocity, VT, and spectrum width, q't, in are given as

V = fvS (v)dv, 
(3.53)

J S (v)dv

Uv f 2 S(v)dv J (3.54)

4. Meteorological Moment Estimators

A single sample of a weather signal gives instantaneous power and velocity. A

number of samples are required to estimate average power, average velocity and velocity

spread. Consequently, the estimates of the weather signal parameters are found by

averaging with the number of samples determined by the desired accuracy (variance) for

each of the estimates. Typically, the accuracies sought are ±1 dBZ for reflectivity and

+1 m/s for velocity and spectrum width. In the radar receiver, the output from the

coherent detector is a complex signal containing both amplitude and phase information.

This signal is decomposed into two vector components, in-phase, I, and quadrature, Q,

having a phase difference of 90' that, when added vectorally, form the complex signal.
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The moment estimators are developed following Knorr and Jenn (2004) and assume high

SNRs for the weather signals of interest in this work.

Return power is estimated from a combination of time (pulse to pulse) and range

(adjacent sample volume) averaging. Rewriting equation (3.34) for reflectivity, Z, in

terms of the average received weather echo signal power gives

Z c= FPrG2q 2213 IK2 (3.55)Z=1024(ln 2)A]2 r 2

Given N independent samples of echo power, the reflectivity estimator is given by
IN 21N

2 =Constx--J ZZ2 =Constx _LI[2 + IQ, 1. (3.56)
N , N,

From Eq. (3.36), it follows that the standard deviation of the reflectivity estimate is

2
=r-/. (3.57)

Mean velocity estimates are made by a technique that estimates the first moment

of the spectral density from the argument of the complex covariance. Because, the

complex covariance and spectral density constitute a Fourier transform pair, the spectral

density moments correspond to the complex covariance evaluated at zero lag. This

technique is referred to as pulse pair processing. The output from the coherent detector is

In=Anco[ - /
A=I n + = A = (3.58)

Qn = An sinL[4 1Rn-

where Z* = complex conjugate of Z, and

A (O n,,-O n) - R n1 - v+1. (3.59)
4xz T T

Thus the arguments of sample pairs, Z, and Z,+I, can be used to estimate the velocity.

The average or mean velocity estimate comes from processing pairs of correlated pulses.

From a single, correlated pulse pair, the velocity is calculated from
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Z+Izn = Z +1 Z IZ(O"+l -On), (3.60)

where Z is the angle between (0,, - On) and

Z *[z+ ,l~ z (0+,1-On). (3.61)

Therefore, the velocity estimator for a single pulse pair is

= 2 (~~~-~) 2P( 0  ) 24 F zz
4VI T= 4 (On,,-O) = - Arg Z.+IZ (3.62)

wherefp=PRF. Given N independent sample pairs, the velocity estimator is

N-1 1 N-1 r

IVn1=I PIArg Zn+1ZL (3.63)
N-N1 n]i=, N-I 4;r n _ Z-+I[[Z_

For large SNR, narrow spectrum widths, and contiguous pairs, Doviak and Zrnic (1993)

give the accuracy or variance, var (i), for mean Doppler velocity as

varv ) v (3.64)
8MTr,

where, 'v = signal spectrum width, A = radar wavelength, M = number of samples, and

T, = sample time.

Spectrum width estimates are computed by signal autocorrelation because signal

correlation and power spectral density constitute a Fourier transform pair. For weather

signals with a Gaussian distribution, the autocorrelation coefficient, p(l), is

p( r() = [ e (3.65)

Taking the log of both sides gives

In p(r-) = 8( v . (3.66)
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Solving for root mean square (rms) velocity spread with r = T•, gives the spectral width

estimator as

vln2p(TJ)T . (3.67)

For large SNR and contiguous pairs, Doviak and Zrnic (1993) give the accuracy or

variance, var (i), of the spectrum width as

var(eiý) r 3A8-.2 alo-l, (3.68)

where, q'v, is the normalized unambiguous velocity interval,

al=2T (3.69)
2

5. Correlation and Coherency

The accuracy or variance of the parameter estimates, Z, 0, and 6>, depends in

general on the number and correlation of the samples used to derive the estimates. To

obtain uncorrelated samples, the sample time (ref. Figure 3.4) must be long enough to

allow the ensemble of scatterers to reshuffle into an independent configuration. This

implies a low PRF or alternatively, sampling at a different frequency to collect

uncorrelated samples. For velocity,0, or spectrum width,i!k,, estimates, contiguous

coherent or correlated samples are required. That is, the sample time of subsequent

echoes must be sufficiently small so that the ensemble of scatterers does not reshuffle

into an independent configuration. High coherency provides a mean value of Doppler

frequency shift or mean velocity (ref. Figure 3.7). This high sample correlation similarly

provides the measure of deviation about the mean or the spectrum width. The velocity

spread determines correlation and coherency.

The time, -r, that must elapse in order to obtain independent samples comes from

the autocorrelation function. From Sauvageot (1992), assuming Gaussian power spectral

density,
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-f2

S(f) = Soe /2 (3.70)

The normalized autocorrelation function R(r) from the Fourier transform of S(f) can be

written as

-T

R(z) = e (3.71)

where o-, = the variance of the autocorrelation function, with

a, = (21n-o-)-1. (3.72)

Utilizing equation (3.50), equation (3.71) can be rewritten as equation (3.65):

p(r) = e=2(m[f)2 [ (3.73)

where R(zr) = p(z). The value of p(zr) decreases more quickly with r, from 1, when o-, is

high. Samples are normally assumed independent when p(Z) < 0.02 & e-4. This defines

the decorrelation time, z. From equation (3.73) the decorrelation time is

A I& A (3.74)

where A is in mm, o-, is in m/s, and zr is in ms. From this, the lower bound on sample

time, T•, for decorrelated samples is:

T>(3.75)
v/1zvrav 5o-v

The lines of Figure 3.8 from equation (3.74) shows how z• varies with o-, for several

values of 2. The figure shows that for a given wavelength, Zi decreases with increasing

o-,. For a fixed q, z- decreases with shorter wavelengths.
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Figure 3.8. Independent sampling time versus spectrum width (From Sauvageot
1992).

Conversely, in order to obtain correlated or coherent sample pairs for velocity estimation,

the sample time, T•, must be sufficiently short. Equality (high correlation) occurs if the

normalized correlation function p(T,)=e-12 or p,& 0.6. From this threshold, the upper

bound on sample time, T•, as well as unambiguous range, r,, can be calculated as:

T < -A (3.76)

cX
r< < - (3.77)

Figure 3.9 shows how a, varies with r, for several values of k. The figure clearly shows

that for shorter wavelength radars, a large unambiguous range cannot be achieved unless

the rms velocity spread of the weather signal is small. In general, weather signals of

interest will not have small rms velocity spread and the short sample times required to

obtain large unambiguous velocity results in a range ambiguity problem at low elevation

angles (longer ranges).
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Figure 3.9. Spectrum width versus max unambiguous range for correlated samples

(After Doviak and Zrnic 1993).
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IV. PROPOSED SCANNING STRATEGIES FOR RESEARCH
APPLICATIONS

Knowledge of the spectrum width of various weather phenomena is essential to

the approach utilized in this chapter for development of sampling requirements. For

clarity, the terms radar and MWR-05XP are used interchangeably in this chapter. A brief

review of Fang and Doviak's (2001, hereafter FD 2001) method of obtaining reliable

spectrum width data from the WSR-88D is first presented. The spatial and temporal

sampling scales of isolated supercell tornadic storms and non-supercell severe storm

clusters (multicellular storms) are developed next. The desired accuracy (variance) of the

meteorological parameters will be presented. The number of samples required to achieve

the desired accuracy, along with the weather phenomena spectrum widths and sampling

scales, will be used to develop sampling strategies based on the known capabilities of the

MWR-05XP. Unique features of the MWR-05XP utilized to increase the scanning rate

include frequency shift and frequency backscan along with phase shift scanning

techniques. Proposed sampling schemes will need to be coded and programmed into the

WRP for testing when the MWR-05XP is delivered at contract completion.

A. RELATING SPECTRUM WIDTH DATA TO VARIOUS WEATHER
CONDITIONS

The use of spectrum width data has been very limited compared to reflectivity and

Doppler velocity data. This is due in part to relating spectrum width, q, to

meteorologically significant phenomena, and in part to the fact that a, is easily corrupted

by WSR-88D radar artifacts which make the data unreliable and risky to interpret (FD

2001). This section discusses how reliable spectrum width data was obtained from WSR-

88D observations. The derived spectrum width values from FD 2001 applicable to

research applications are: a) less than 2.0 m/s for isolated supercells and tornadoes, and b)

less than 4.0 m/s for multicellular severe storm clusters. These values, along with the

radar operating frequency, sample time, and number of independent samples, are used to

develop the phenomena specific sampling requirements and affect the accuracy

(variance) of the moment estimates.
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1. WSR-88D Spectrum Width Error Sources

Velocity and spectrum width, as observed with the WSR-88D, are estimated using

relatively short PRTs which often leads to overlaid (multiple-trip) weather signals that

corrupt the measurements. To display a larger area of Doppler velocities, the WSR-88D

overlaid threshold has been lowered to 5 dB which increases the number of overlaid

weather signals (NEXRAD 1991). Since 1996, the WSR-88D employs a SNR of 3.5 dB

instead of the design threshold of 10 dB. Under the lower threshold, a significantly larger

standard error for spectrum width of 1.4 m/s is generated instead of the design limit of 1.0

m/s (NEXRAD 1991). Additionally, the algorithms used to estimate spectrum width

cause an excessive occurrence of zero width assignments when the noise power is

overestimated and true spectrum widths are small. This contaminates all 0 m/s q',.

Incorrect setup of the Automatic Gain Control (AGC) circuits allows signals to exceed

the maximum level of the analog to digital converter. This causes signal clipping which

generates harmonics of the weather spectrum in the spectral domain. These harmonics

increase the spectrum width values (FD 2001).

2. Censoring Erroneous WSR-88D Spectrum Width Data

To obtain reliable data, WSR-88D spectrum width data was edited for these error

sources (FD 2001). Erroneous data was censored by raising the overlaid multiple trip

weather signals threshold to 20 dB from 5 dB. If one of the trip signals was 20 dB or

more stronger than the sum of the other trip signals, then the spectral moments of the

stronger signal were estimated without significant error (within the specifications of the

WSR-88D). For the FD 2001 study, algorithms were developed to select data with a

signal power at least 20 dB higher than the sum of competing out-of-trip signals. The

SNR threshold was raised to 15 dB so that improper noise estimates were much less

likely to bias the true spectrum width estimates, especially small width values. Editing

the data for correct AGC setup was less quantitative, so data was not classified if a

correlation was detected between large echo power levels and large spectrum widths.

Together, these editing measures, while censoring large amounts of data which may have

contained correct width estimates, insured the data was more accurate and reliable than if

less stringent procedures had been employed (FD 2001).
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B. SPATIAL AND TEMPORAL SAMPLING SCALES

The spatial and temporal scales to be sampled for the following scenarios are

developed, in part, from Bluestein et al. (1993), Doswell (2001), Davies-Jones et al.

(2001), and Kessler (1983). Proximity to the weather phenomena to be interrogated is a

fundamental consideration. The closer the radar is to the event, the better the

meteorological moment estimates will be, however, the total coverage pattern is reduced

because of the radar-storm geometry.

1. Isolated Supercell Tornadic Storms

Tornado Doppler wind speeds have been measured as high as 125 m/s (Bluestein

et al. 1993) with volumetric updates as fast as 30 seconds (Wurman and Randall 2005).

To the author's knowledge, vertical velocities within a tornado funnel have not been

directly measured with Doppler radar. From Bluestein et al. (1993), a tornado

condensation funnel width of 300 m is assumed at cloud base and ground. The tornado

funnel extends from the ground up to cloud base, nominally 1 to 2 km. For tornadic

storms, the research goal is to measure wind speeds up to 150 m/s with a volumetric

update every 10 seconds. Spectrum width values of < 2 m/s for reflectivity between

20<Z<70 dBZ are assumed from measurements by FD 2001.

To intercept tornadoes, observers attempt to place the radar within 5 km of the

storm path. Here the measurement emphasis is on the funnel itself from as close to the

ground as possible up to the cloud base. Ideally, the radar should be close enough to

allow the beamwidth to resolve the tornado. Figures 4.1 and 4.2 illustrate the radar-storm

geometry for a 5 km interception. This geometry was chosen to capture the best

horizontal resolution possible at the expense of the height scale. Figure 4.1 shows that

the MWR-05XP maximum electronic elevation scan, 220, allows for measurements from

the surface up to 2 km assuming the antenna is not mechanically adjusted in elevation. In

Figure 4.2, the radar is not mechanically rotated in azimuth during measurements but is

rotated to the centerline of the funnel cloud between sets of measurements. The 7'

azimuthal scan is accomplished by frequency scanning through the centerline of the

tornado.
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Electronic elevation scanning and frequency azimuth scanning were chosen for

this sampling scheme because the extremely rapid structural changes in tornadoes

(Wurman and Randall 2005) require volumetric updates on the order of 10 seconds.

Mechanical azimuth scanning of the antenna during measurements would collect a

significant amount of data (in azimuth) not directly associated with the tornado being

measured and would slow the volumetric sampling rate.

Height SIDE VIEW
Not to scale TORNADO

RADAR 
k

220EL

4 5km No

West East

Figure 4.1. Radar electronic elevation scan for tornado measurements.

North PLAN VIEWNot to scale TORNADO130mWd
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S7°AZ I0

4 5km

West EastSouth

Figure 4.2. Radar azimuth frequency scan for tornado measurements.
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2. Multicellular Severe Storm Clusters

The basic building block of multicellular storms is the thunderstorm cell. From

Kessler (1983), individual cells average about 8 km wide, with characteristic vertical

motions of 10 m/s, and vertical development up to 10 km. An average cluster consists of

three to four cells with a horizontal span of about 24 km. For these storms, the research

goal is to measure wind speeds up to 75 m/s with a volumetric update every 10 seconds.

Spectrum width values of _< 4 m/s for reflectivity between 20<Z<70 dBZ are assumed

from measurements by FD 2001.

To take measurements in multicellular storms, the radar should be placed 10 km

to 20 km from the storm. The measurement emphasis is on individual cells within a

multicellular system. Figures 4.3 and 4.4 illustrate typical radar-storm geometry. This

particular geometry is a compromise that allows the radar to both capture the scale of an

individual cell and provide the best resolution for individual volume samples. Figure 4.3

is a side view and illustrates two 220 electronic elevation scans. This means that the first

set of measurements is taken approximately at 00 to 220 elevation before the antenna is

mechanically elevated for the second set of measurements from approximately 240 to 460

to capture the height of the cell. Figure 4.4 is a top view and illustrates mechanical 450

azimuth sector scanning to acquire the width of the cell.

SIDE VIEW , - - /
Height ALNot to scale.,.-

INDIVIDUAL .. "

STORM CELL , ,"

20 km

RADAR of'•

oo220EL L

4 10 km No
4 20 km 1110

West East

Figure 4.3. Radar electronic elevation scan for multicellular storms.
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Figure 4.4. Radar 450 mechanical arc scan for multicellular storms.

C. ACCURACY OF MOMENT ESTIMATES

For meteorological measurements with the MWR-05XP, the desired nominal

accuracies are ±1 dBZ for reflectivity measurements and ±1 m/s for Doppler velocity

and spectrum width. Since the uncertainty associated with a single sample of return

power, velocity, or spectrum width is very large, the number of samples, M, must be

increased. Increasing the number of samples from each beam position, however,

increases the acquisition time per position reducing the overall volumetric update rate.

The key is to find a balance between accuracy and sample time. For research

applications, the accuracy of the moment estimates is fundamental. The number of

samples required to achieve the desired accuracy will be determined then sampling

strategies will be developed based on these values. The sampling approach utilized in

this work is designed to produce independent samples. Hereafter, it is implied that

samples means independent samples.

To minimize the scanning time for volumetric updates, Doppler and reflectivity

samples for estimation are obtained simultaneously. That is, for the proposed scanning
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strategies, separate scans are not conducted for reflectivity and Doppler moment

estimates. This will be explained in the section on development of sampling schemes.

Pulse pair Doppler processing generally requires more samples than reflectivity

processing for accuracy estimates of ±1 m/s and ±1 dBZ. For this reason, the more

stringent Doppler sampling requirements will be developed first. The number of

calculated Doppler samples is used to insure the ±1 dBZ reflectivity accuracy is met.

Recall that equation (3.64) gives the variance, var (ii), for mean Doppler velocity.

Rearranging (3.64) to solve for the number of samples in terms of the required variance

gives:

M at vU2 (4.1)

where, a, = signal spectrum width, A = radar wavelength, M = number of samples, and

T, = sample time. For a Doppler accuracy of ±1 m/s (var(ii) of 1 m2/s2) with av = 2.0

m/s (tornadic measurements), A = 0.032 m, and T, = 0.0001 s, the number of samples

required is 45. For av = 4.0 m/s (severe storm measurements), 90 samples are required

for the same accuracy.

Equation (3.68) gives the spectrum width variance, var(iv ). Rearranging (3.68)

for the number of samples in terms of the required variance gives:

M r12 8 Vi (var(,v))T, -2Ov (4.2)

where, q'v, is the rms spectrum width normalized by the unambiguous velocity interval,

2O-Tall =-uT (4.3)

For a spectrum width accuracy of ±1 m/s with a', = 2.0 m/s (tomadic measurements), 2

= 0.32 m, and T, = 0.0001 s, the number of samples required is 17. For a', = 4.0 m/s

(severe storm measurements), 34 samples are required for the same accuracy.
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For the stated accuracies, the most stringent Doppler sample requirement was

determined to be 45 for tomadic measurements, and 90 for severe thunderstorm clusters.

In Figure 3.6, Marshall and Hitschfield (1953) show that 30 samples equate to the 80%

confidence limits, 0.75 Pand 1.25P. These limits correspond to + 1 dB and -1.3 dB.

According to Figure 3.6, increasing the number of samples to 45 or 90 insures reflectivity

accuracy well within the required ±1 dB. With the required accuracies met, sampling

schemes based on 45 and 90 samples respectively for tornadic and severe storm clusters

are presented below.

D. DEVELOPMENT OF SAMPLING SCHEMES

1. General Considerations

Smaller spectrum width increases the decorrelation time 1i (ref. Figure 3.8). For

reflectivity measurements, this means, that for a given frequency, it takes longer to obtain

uncorrelated samples thus increasing the overall volumetric scan time. To overcome this

limitation, the transmitted frequency must be varied for subsequent samples by at least

1/tr, where " = the radar pulse width. This is because the transmitted pulse at frequencyf

has its energy concentrated in the band -1 centered onf. Therefore, uncorrelated weather

signals are obtained by shifting the frequency by more than "r-1 in successively

transmitted pulses (Doviak and Zrnic 1993).

For the MWR-05XP (r = 1 ps), a shift of 1 MHz for successive pulses assures

uncorrelated weather samples. A shift in transmitted frequency also results in a

consequent steering of the radar beam (ref. Ch II). The resultant radar beam steering

varies between 0.0100 and 0.0150 per 1 MHz depending on the elevation. This is

approximately an order of magnitude less than the beam pointing resolution accuracy of

0.2' Az and El which means that a 1 MHz frequency shift essentially illuminates the

same resolution volume. Currently, the MWR-05XP utilizes 20 MHz steps for frequency

shifting. An average shift of 0.25' per 20 MHz is used in sampling scheme development.

This beam shift must be accounted for and can be accomplished by incorporating a
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frequency shift pointing correction (see recommendations, Ch VI) when a series of

frequency shifted pulses collectively results in beam steering greater than the 0.20

pointing resolution accuracy.

For Doppler measurements, smaller spectrum width increases the maximum

sample time, T•, for correlated samples. While this does not directly facilitate a reduction

in the overall volumetric scan time, it does, in general, add diversity to the sampling

scheme by relaxing the successive pulse sampling requirement for correlated weather

signals. Doppler estimates are obtained from pairs of pulses transmitted at the same

frequency. Pulse pair processing, from the argument of the complex covariance (ref. Ch

III) is computed from equation (3.62) for a single pair of correlated pulses and from

equation (3.63) for N pairs of correlated pulses.

Doppler and reflectivity samples for estimation are obtained simultaneously. For

the MWR-05XP, the sampling process adheres to the following format. Pairs of

correlated pulses are Doppler processed with each subsequently transmitted pulse pair

incrementing in 20 MHz steps. Reflectivity processing ignores the second pulse in each

pulse pair and integrates only the first pulse of subsequently transmitted 20 MHz

incremented pulse pairs.

Figure 4.5 illustrates the 94 pts phase shifter settling time when electronically

steering the beam with the phase shifters. This means that any change in beam steering

elevation adds a 94 pts delay. Frequency shifting in 20 MHz steps is accomplished

between pulse pairs and adds a 50 pts delay for oscillator settling time. When

simultaneously steering the beam in elevation and shifting the frequency, the 94 pts phase

shift delay allows for the frequency oscillator to settle (50 pts) before transmitting the

next pulse pair. Hence, it is advantageous to incorporate frequency shifting

simultaneously with phase shifting when possible. The frequency agility of the radar

significantly reduces the volumetric sampling time and facilitates versatility in scanning

schemes.
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Figure 4.5. MWR-05XP beam steering (After PopStefanija 28 Oct, 2004).

To increase the sample rate, a PRF of 10 KHz is utilized in the sampling schemes

for both tomadic and severe storm clusters. This limits the unambiguous range, Equation

(3.6), to 15 km and unambiguous velocity, equation (3.8), to 75 m/s. Aliased range and

velocity data are not addressed in this research but the WRP utilizes algorithms for

aliased data.

2. Isolated Tornadic Storms

The sampling scheme for tornadic storms is shown in Figure 4.6 and is an

adaptation of the raster scan in Figure 2.12a. This figure is a side view from the radar's

perspective illustrating the beam positions, Bn 1-1 to 11-4 for the spatial sampling scales

in Figures 4.1 and 4.2. In Figure 4.6, Bn 1-1 across (in azimuth) to B1 1-4 represents

approximately four 1.80 beamwidths or roughly 600 m azimuth at a distance of 5 km

from the radar. B1 1-1 up in elevation to 11-1 represents eleven 2.0' beamwidths or

roughly 2 km El at a distance of 5 km. For this sampling scheme, the radar antenna is

stationary which eliminates Doppler spectrum width contamination, equation (3.47), due

to beam smearing. Azimuth and elevation scanning are accomplished by frequency

steering and phase shifting respectively.

The sampling scheme proceeds as follows: a) starting at B1 1-1, 3 pulse pair

samples are frequency shift acquired at 9.37, 9.39, and 9.41 GHz, b) the beam is

frequency steered to 9.51 GHz to acquire 3 samples from B1 1-2 by frequency shifting

from 9.51 to 9.53 to 9.55 GHz, c) the process is repeated for Bn 1-3 (9.65 - 9.69 GHz)

and B1 1-4 (9.79 - 9.83 GHz), d) the beam is electronically steered in elevation (phase
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shifting) and frequency steered in azimuth to B11 2-1 where the process repeats again

starting at 9.37 GHz. This process completes a volume scan from B1  1-1 to B1  11-4

consisting of 3 samples of each beam position. 45 samples are needed to insure the

required accuracy of ±1 m/s velocity and ±1 m/s spectrum width is met and, for

reflectivity, within +1 dBZ. The volume (B11 1-1 to B11 11-4) is scanned 14 more times to

acquire 45 samples. As shown in Figure 4.6, 33.484 ms is needed for 3 samples of the

volume (B11 1-1 to B11 11-4), therefore, 502.26 ms is required for a complete volume scan

of 45 samples.

TORNADO DOPPLER SAMPLING STRATEGY
Not to scale

20-22* 11-1 11-2 11-3 1-4 1 pulse pair 1 pulse pair 1 pulse pair

18-200 10-1 10-2 10-3 0-4
1. For B, 1-1 (94 ps + 200 ps) + (50 ps + 200 ps) + (50 ps + 200 ps) = 794 ps for 3 pulse pairs

16-180 9-1 9-2 9-3 9-4
For B, 1-2 (50 ps + 200 ps) + (50 ps + 200 ps) + (50 ps + 200 ps) = 750 ps

14-160 B-1 B-2 B-3 B-4
For B, 1-3 (50 ps + 200 ps) + (50 ps + 200 ps) + (50 ps + 200 ps) = 750 ps

12-140 7-1 7-2 7-3 7-4
For B, 1-4 (50 is + 200 is) + (50 is + 200 is) + (50 is + 200 is) = 750 is

10-120 6-1 6-2 6-3 6-4

0 5-1 5-2 2. Add B, 1-1 through B, 1-4 for 3 samples (3 pulse pairs) each of B, 1-1 to 1-4 = 3.044 ms

6-80 4-1 4-2 43 44 3. Repeat for each elevation row 2 through 11. 3.044 ms x 11 rows = 33.484 ms

4-60 3-1 3-2 3-3 34 4.33.484 ms is acquisition time for 3 samples of volume Bn 1-1 to 11-4

2-1 2-2 2-3 2-4 5. Need 45 samples = 15 x 3 = 15 x 33.484 ms = 502.26 ms

00 16. 502.26 ms volumetric sample time for 45 samples of volume Bn 1-1 to 11-4

B, 9.37-9.41 GHz

Figure 4.6. Proposed tornado Doppler sampling strategy.

3. Multicellular Severe Storm Clusters

The sampling scheme for multicellular severe storm clusters is shown in Figure

4.7 and is a combination of the raster and fixed frequency elevation scans in Figure 2.12.

Figure 4.7, like 4.6, is a side view from the radar's perspective illustrating the beam

positions, B11 1-1 to 11-25 for the spatial sampling scales in Figures 4.3 and 4.4. In

Figure 4.7, B11 1-1 up to B11 11-1 represents eleven 2.00 beamwidths or roughly 10 km El

at a distance of 20 km from the radar. B11 1-1 across to B11 1-25 represents 25 1.8'
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beamwidths or roughly 20 km Az at a distance of 20 km. For this sampling scheme, the

antenna is sector scanned 450 in 4 seconds or 1 1.250/second. Azimuth scanning is

accomplished by antenna rotation and elevation scanning is controlled by phase shifting.

The antenna scans left to right (clockwise viewed from above) for the lower 220 as shown

in Figure 4.7, then mechanically elevates and scans back from right to left for the upper

220. The rational for frequency backscanning will be discussed after the sampling

scheme procedure is covered.

Severe storm clusters require 90 samples to achieve Doppler velocities accurate to

+1 m/s. The following scanning strategy utilizes 45 samples per beam position to meet

the stated volumetric update requirement of 10 seconds. Adjacent range bin averaging is

utilized to double the number of samples to 90 to meet the ±1 m/s Doppler accuracy. For

the MWR-05XP the pulse volume (range bin) is 1.80 x 2.00 x 150 m. Doubling the pulse

volume length (in range time) provides the necessary number of samples but reduces the

range resolution to 1.80 x 2.00 x 300 m. The reduced accuracy is a reasonable tradeoff in

order to minimize the volumetric sampling time.

The clockwise sampling scheme (ref. Figure 4.7) proceeds as follows: a) starting

at B,, 1-1, 3 pulse pair samples are frequency shift acquired at 9.50, 9.52, and 9.54 GHz,

b) the beam is electronically steered in elevation (phase shifting) to B" 2-1 and the scan is

repeated three times (at 9.50, 9.52, and 9.54 GHz) at each beam position for B" 2-1 up to

B,1 11-1, c) the beam is phase shifted back down and frequency backscanned to B11 1-1

then scanned up the column three more times to B,, 11-1 at 9.48, 9.50, and 9.52 GHz, d)

the B,, 1-1 to B,, 11-1 column is scanned an additional 9 times (3 times each at the next

lower consecutive Fb frequency) to acquire a total of 45 samples for each beam position

in the column (3 samples x 15 total scans), e) the 15 scans take 131.01 ms so a delay of

28.99 ms is required to allow the antenna to rotate to the next column position, B1 1-2, f)

the process (steps a through e) is repeated up each column from B1 1-2 to B1 1-25. The

total time for 45 samples of the volume, B11 1-1 to B11 11-25, is 4 seconds (limited by

antenna rotation rate of 11 .250/sec). Assuming 1 second to mechanically elevate the

antenna up 220 and 4 seconds to repeat the scanning process from right to left, a

volumetric update of approximately 10 seconds for 450 Az x 460 El scan is reasonable.
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The antenna rotation at a rate of 11.25°/sec results in Z 1.47' of rotation during

the 131.01 ms to acquire 45 samples from every beam position in each column.

Frequency backscanning, Fb, is utilized to reduce this effect, referred to as beam

smearing, by shifting the beam back in the opposite direction of antenna travel. This

insures all samples from each beam position occupy essentially the same volume in

space. An average value of 0.250/20 MHz is used for Fb calculations. As shown in

Figure 4.7, a Fb scheme of one 20 MHz step, a 40 MHz step, followed by two 20 MHz

steps is applied after 3 consecutive column scans. That is, 3 column scans are

accomplished at 9.50-9.54 GHz, the next three scans are accomplished at a Fb of 20 MHz

lower (9.48-9.52 GHz), three more scans at a Fb of 40 MHz (9.44-9.48 GHz), another

three scans at a Fb of 20 MHz (9.42-9.46 GHz), and the last three scans at a Fb of 20 MHz

(9.40-9.44 GHz). Every 3 column scans takes 26.202 ms during which the antenna

rotates 0.295'. Each 20 MHz of Fb repositions the beam back an average of 0.25'

opposite to antenna travel. Net beam position change in azimuth for a complete set of 15

column scans is forward antenna rotation (0.295' x 5) minus Fb correction (0.25' x 3 +

0.50') = 0.2250. From Keeler and Frush (1983) the antenna scan induced spectral width

in m/s is given by

aca, = 0.2o)D, (4.4)

where o) = scan rate in rad/sec, D = antenna diameter in meters. For this scanning

strategy, the MWR-05XP corrected antenna rotation rate is 0.03 rad/sec. This gives an

approximate scan induced spectral width of 0.007 m/s, essentially eliminating this bias

from the Doppler spectrum width equation (3.47).
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SEVERE STORM CLUSTER DOPPLER SAMPLING STRATEGY (CLOCKWISE ROTATION)
Not to scale

9 I 9.50-9.54 GHz x 3 scans

+9 9.48-9.52 GHz x 3 scans 111 112 11311000
+9 9.44-9.48 GHz x 3 scans 1 l ff.

+9 9.42-9.46 GHzx3scans x 0 S S S S S S

+9 [9.40-9.44GHzx3scans 3-1 3-2 n n n n n n- n nn f- f n - f f-fl 3-2

= 45 samples each column beam position 21 2-2 n-n nn nfl nfl nfl nfl nfl nfl n-n n-n n-n 2-2

BnW

1 1.8° Antenna rotation time =160 ms 1 160 ms x25 beam widths = 4sec 45° Antenna rotationmeH I

1. Scan Bn 1-1 up to Bn 11-1 for 9.50-9.54 GHz three times (gives 9 samples (9 pulse pairs) for each beam position in column)

2. Fb 20 or 40 MHz (in order listed) and repeat step 1 three times for next lower frequency (9.48 GHz)

3. Repeat step 2 with next lower frequency (9.44 GHz) and continue through 9.40 GHz starting frequency (gives a total of 9 samples
x 5 frequency shifted scans = 45 samples for each beam position in column

4. Each 10 KHz PRF beam position dwell time (3 samples) is 794 ps x 11 column positions = 8.734 ms/column

5. 15 column scans (Bn 1-1 to 11-1) = 8.734 ms x 15 = 131.01 ms for 45 samples of each beam position for one column

6. Add a delay of 28.99 ms (160 ms - 131.01 ms) for antenna to rotate in azimuth to Bn 1-2

7. Repeat steps 1 through 3 and 6 to scan up each of the 24 remaining columns Bn 1-2 to Bn 1-25

8. Total acquisition time for 45 samples of volume Bn 1-1 to Bn 11-25 is 4 seconds (limited to antenna rotation rate 11.25°/sec)

Figure 4.7. Proposed severe storm cluster Doppler sampling strategy.
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V. PROPOSED SCANNING STRATEGY FOR OPERATIONAL
APPLICATIONS

For operational applications, the sampling strategy and number of samples is

determined by assumptions about the MWR-05XP operating parameters. These

assumptions determine what compromises in accuracy and coverage are necessary to

insure timely meteorological updates with minimum impact to normal radar search and

track functions. The accuracies of the parameter estimates are then determined based on

the number of samples and the sampling scheme. Spectrum width data is not considered

for the operational scanning strategy. For clarity, the terms radar and MWR-05XP are

used interchangeably in this chapter.

A. ASSUMPTIONS AND COMPROMISES FOR OPERATIONAL
WEATHER SCANNING

Operational weather scanning must be able to detect a wide variety of

meteorological phenomena. In general, the operational goal is to measure reflectivity and

velocity with a volumetric update on the order of a few minutes. Assumptions about

weather phenomena and the radar are: 1) spectrum width values of < 8 m/s for 90% of

any given storm volume (Doviak and Zrnic 1993), 2) antenna completes full 3600

rotations at 3 rpm (18°/sec), 3) the WRP controls the antenna and all aspects of

transmission and processing for the duration of the weather scan, 4) weather scan

provides both reflectivity and velocity data and covers the maximum radar range (75 kin),

and 5) a full volumetric scan update on the order of a few minutes.

In an operational setting, the radar location is determined solely from its primary

mission as a search and track radar. Figure 5.1 illustrates the proposed radar scan

geometry. This geometry is a compromise that allows the radar to: 1) complete a full

volumetric scan in 4 antenna revolutions, 2) capture the height scale (10 kin) of

convective storms, and 3) provide both reflectivity and limited velocity information

simultaneously. The figure shows two antenna elevations. The antenna completes two

azimuth revolutions at the lower elevation consisting of six electronic elevation scans

covering 0' to 12'. Next, the antenna is mechanically elevated to 12' and completes an
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additional two revolutions electronically scanning selected elevations between 120 and

340. The highest scan at 340 limits the radar coverage to approximately 13 km.

OPERATIONAL WEATHER SURVEILLANCE SCAN GEOMETRY
Not to scale
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Figure 5.1. MWR-05XP operational radar scan geometry.

A limit of 4 antenna rotations at 3 rpm coupled with the 75 km range drive the

following compromises: 1) reflectivity and velocity coverage is between 13 km and 75

km, 2) unambiguous velocity is 32 m/s from 13 - 37 km and 16 m/s from 37 - 75 km, 3) a

volumetric update on the order of 80 seconds, and 4) a no data gap of approximately 180

Az during the antenna mechanical elevation time. The rationale for these compromises is

addressed in the sampling scheme section below. The MWR-05XP coverage area for

operational weather scanning is shown in Figure 5.2. Note that the first compromise

defines an area without coverage or "cone of silence" within 13 km of the radar.

As done with research applications, Doppler and reflectivity samples for

estimation are obtained simultaneously and the sampling process adheres to the following

format. Pairs of correlated pulses are Doppler processed with each subsequently
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transmitted pulse pair incrementing in 20 MHz steps. Reflectivity processing ignores the

second pulse in each pulse pair and uses only the first pulse in each stepped frequency

pair.

PLAN VIEW
OPERATIONAL WEATHER SURVEILLANCE

Not to scale

150 km Radial km Cone
Coverage of Silence

14

75 60 45 30 15 0 15 30 45 60 75
Range from Radar (km)

Figure 5.2. MWR-05XP operational weather scan coverage.

B. SAMPLING SCHEME FOR OPERATIONAL WEATHER SCANNING

The sampling scheme for operational weather scanning is shown in Figures 5.3

and 5.4. Figure 5.3 is a side view from the radar's perspective illustrating the lower

elevation beam positions, B11 1-1 to 6-200 for the scan geometry and coverage patterns in

Figures 5.1 and 5.2. Each B11 in Figure 5.3 represents a 2.00 El x 1.8' Az beamwidth.

For this sampling scheme, the antenna rotates 3600 in 20 seconds or 18'/second and a 2

KHz PRF is used to prevent range aliasing. Azimuth scanning is accomplished by

antenna rotation and elevation scanning is controlled by phase shifting. The antenna
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completes two revolutions for the lower 120 as shown in Figure 5.3, then mechanically

elevates to 120 and completes two more revolutions covering selected elevations between

120 and 340 as shown in Figure 5.4.

The lower elevation sampling scheme (ref. Figure 5.3) proceeds as follows: 1)

starting at B,, 1-1, 3 pulse pair samples are frequency shift acquired at 9.50, 9.52, and

9.54 GHz, 2) the beam is electronically steered in elevation (phase shifting) to B,, 2-1 and

the scan is repeated three times (at 9.50, 9.52, and 9.54 GHz) at each beam position for

B,, 2-1 up to B,, 6-1, 3) the B,, 1-1 to B,, 6-1 column is scanned an additional 4 times (one

time each at the next lower consecutive Fb frequency) to acquire a total of 15 samples for

each beam position in the column (3 samples x 5 total scans), 4) the 5 scans take 95.82

ms so a delay of 4.18 ms is required to allow the antenna to rotate to the next column

position, B11 1-2, 5) the process (steps 1 through 4) is repeated up each column from B1 1-

2 to B11 1-200. The total time for 15 samples of the volume, B11 1-1 to B11 11-200, is 20

seconds (limited by antenna rotation rate of 18°/sec). A full 3600 Az x 120 El scan gives

a volumetric update rate on the order of 20 seconds. The lower elevation scan is repeated

for a total of 30 samples in 40 seconds.

The antenna rotation at a rate of 18°/sec results in z 1.72' of rotation during the

95.82 ms to acquire 15 samples from every beam position in each column. As with

research applications, frequency backscanning is utilized to reduce the beam smearing.

An average value of 0.250/20 MHz is used for Fb calculations. As shown in Figure 5.3, a

Fb scheme of one 40 MHz step, a 20 MHz step, another 40 MHz step, and a 20 MHz step

is applied after each column scan. That is, a column scan is accomplished at 9.50-9.54

GHz, the next scan at a Fb of 40 MHz lower (9.46-9.50 GHz), the next at a Fb of 20 MHz

(9.44-9.48 GHz), the next at a Fb of 40 MHz (9.40-9.44 GHz), and the last scan at a Fb of

20 MHz (9.38-9.42 GHz). Every column scan takes 19.164 ms during which the antenna

rotates 0.344'. Each 20 MHz of Fb repositions the beam back an average of 0.250

opposite to antenna travel. Net beam position change in azimuth for a complete set of 5

column scans is forward antenna rotation (0.3440 x 5) minus Fb correction (0.250 x 2 +

0.500 x 2) = 0.22'.
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OPERATIONAL WEATHER SCANNING
DOPPLER SAMPLING STRATEGY (LOWER ELEVATION)

Not to scale

19.509.54 GHz
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10o 52 000 520
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1  Lower elevation 6 4-1 42 0 00 420

+3 Phase shift
+3 1 93 42GHz scanningO

0 to12' 3-1 3-2 000 320

= 15 samples each column beam position 2-4o 2-1 2-2 . . 2-20

0-21- 1-2 0000 -200
0-2o

Bn I I

1.8' Antenna rotation time = 100 ms I

100 ms x 200 beam widths = 20 sec 3600 Antenna rotation time

1. Scan Bn 1-1 up to Bn 6-1 for 9.50-9.54 GHz (gives 3 samples (3 pulse pairs) for each beam position in column)

2. F, 20 or 40 MHz (in order listed) and repeat step 1 for next lower frequency (9.46 GHz)

3. Repeat step 2 with next lower frequency (9.44 GHz) and continue through 9.38 GHz starting frequency (gives a total of 3 samples
x 5 frequency shifted scans = 15 samples for each beam position in column

4. Each 2 KHz PRF beam position dwell time (3 samples) is 3.194 ms x 6 column positions = 19.164 ms/column

5. 5 column scans (Bn 1-1 to 6-1) = 19.164 ms x 5 = 95.82 ms time for 15 samples of each beam position for one column

6. Add a delay of 4.18 ms (100 ms - 95.82 ms) for antenna to rotate in azimuth to Bn 1-2

7. Repeat steps 1 through 3 and 6 to scan up each of the 199 remaining columns Bn 1-2 to Bn 1-200 (gives one 360' rotation of 15
samples in each beam position)

8. Repeat for a second 360' rotation for a total of 30 samples

9. Total acquisition time for 30 samples (2 rotations) of volume Bn 1-1 to Bn 6-200 is 40 seconds (limited to antenna rotation rate
18°/sec)

Figure 5.3. Proposed operational weather scan sampling strategy (lower elevation).

Figure 5.4 is the same as Figure 5.3 except it illustrates the upper elevation beam

positions, B11 7-1 to 14-200 for the scan geometry and coverage patterns in Figures 5.1

and 5.2. The upper elevation sampling scheme (ref. Figure 5.4) is identical to the lower

scheme except there are 8 beam positions in each column and a 4 KHz PRF is used to

increase the unambiguous velocity to 32 m/s within 37 km of the radar. The only

differences in the upper elevation scheme relate to the frequency backscanning

corrections for antenna motion.

For the upper elevation scheme, antenna rotation at a rate of 18'/sec results in

1.220 of rotation during the 67.76 ms to acquire 15 samples from every beam position in

each column. An average value of 0.250/20 MHz is used for Fb calculations. As shown

in Figure 5.4, a Fb of 20 MHz is applied after each column scan. Every column scan
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takes 13.552 ms during which the antenna rotates z 0.2440. Net beam position change in

azimuth for a complete set of 5 column scans is forward antenna rotation (0.2440 x 5)

minus Fb correction (0.250 x 4) = 0.22'.

OPERATIONAL WEATHER SCANNING
DOPPLER SAMPLING STRATEGY (UPPER ELEVATION)

Not to scale
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+3 Pnhaseereeifts

+3 9. 9.8GH z scanning 12 0 to 34 0 18-2o° . . .(
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ý,12-14o 7- -2 7-20)

1.83 Antenna rotation time = 100 ms I

100 ms x 200 beam widths = 20 sec 3600 Antenna rotation time

1. Scan Bn 7-1 up to Bn 14-1 for 9.50-9.54 GHz (gives 3 samples (3 pulse pairs) for each beam position in column)

2. F, 20 MHz (in order listed) and repeat step 1 for next lower frequency (9.48 GHz)

3. Repeat step 2 with next lower frequency (9.46 GHz) and continue through 9.42 GHz starting frequency (gives a total of 3 samples
x 5 frequency shifted scans = 15 samples for each beam position in column

4. Each 4 KHz PRF beam position dwell time (3 samples) is 1.694 ms x 8 column positions = 13.552 ms/column

5. 5 column scans (Bn 7-1 to 14-1) = 13.552 ms x 5 = 67.76 ms time for 15 samples of each beam position for one column

6. Add a delay of 32.24 ms (100 ms - 67.76 ms) for antenna to rotate in azimuth to Bn 7-2

7. Repeat steps 1 through 3 and 6 to scan up each of the 199 remaining columns Bn 7-2 to Bn 7-200 (gives one 360' rotation of 15
samples in each beam position)

8. Repeat for a second 360' rotation for a total of 30 samples

9. Total acquisition time for 30 samples (2 rotations) of volume Bn 7-1 to Bn 14-200 is 40 seconds (limited to antenna rotation rate
18°/sec)

Figure 5.4. Proposed operational weather scan sampling strategy (upper elevation).

During each of the 4 (2 lower and 2 upper elevation) antenna rotations, the

received reflectivity and velocity information is stored in a buffer. After completion of

the 4 rotations, the data (30 samples from each beam position) is integrated and output to

display or storage as a volumetric update. Assuming 40 seconds for the lower elevations

rotations, 1 second to mechanically elevate the antenna up to 120 and 40 seconds to

62



complete two rotations at the upper elevation, a volumetric update (minus the 180 Az no

data gap in the upper elevation) of approximately 81 seconds for 360' Az x 340 El scan is

reasonable.

C. ACCURACY OF MOMENT ESTIMATES

Only reflectivity and Doppler velocity accuracies will be addressed as spectrum

width measurements would likely be of little value or be misinterpreted by the end-user.

This is because end-users in an operational setting are primarily non-meteorological

personnel. In an operational setting, fewer samples are taken to minimize the

meteorological scan time and allow the radar to return to its primary search and track

functions. Additionally, the basic antenna rotation rate and direction used to collect the

weather samples is the same as normal radar search and track functions. This facilitates

timely switching between meteorological and search and track scans reducing the impact

to normal radar operations. Some accuracy, therefore, is sacrificed to accommodate these

considerations.

Reflectivity for 30 samples is the same as stated in Ch III, ref. Figure 3.6. In the

figure, Marshall and Hitschfield (1953) show that 30 samples equate to the 80%

confidence limits, 0.75 P and 1.25 P. These limits correspond to + 1 dB and - 1.3 dB.

Defaulting to ± 1.3 dBZ still provides excellent accuracy for operational settings.

For a', = 8.0 mas, 2 = 0.031 m, and T, = 0.0005 s (PRF 2 KHz), and 30 samples,

and assuming large SNR, narrow spectrum widths, and contiguous pairs, equation (3.64)

give the variance, var(j), for mean Doppler velocity as 1.17 mZ/s2 or an accuracy of

+ 1.08 m/s for the lower elevation volume scan. For the upper elevation volume scan

with T, = 0.00025 s (PRF 4 KHz), equation (3.64) give the variance, var(ý), for mean

Doppler velocity as 2.33 m2/s2 or an accuracy of ± 1.53 m/s. Accepting the lower ± 1.53

m/s accuracy for the entire volumetric scan still provides excellent accuracy for

operational settings.
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VI. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

This work is based on the limited availability of data and careful exclusion of

classified information about the MWR-05XP. Scanning strategies for research and

operational applications were developed for meteorological measurements with an

experimental PAR, the MWR-05XP. Unique features of the MWR-05XP utilized to

increase the scanning rate include frequency shift and frequency backscan along with

phase shift scanning techniques. For research applications, the desired accuracies of the

moment estimates were used to determine the number of samples required for two

scanning strategies. The number of samples, along with the weather phenomena

spectrum widths and sampling scales, were used to develop sampling strategies based on

the known capabilities of the MWR-05XP. The desired accuracies for research

applications were ±1 dBZ for reflectivity and ±1 m/s for Doppler velocity and spectrum

width. For these accuracies, 45 and 90 samples were required for tornadic and severe

thunderstorm clusters respectively. A tornadic storm sampling strategy was developed

with a 7' Az x 220 El volumetric update of 502.26 ms and a volumetric resolution of 1.80

Az x 20 El x 150 m range. A sampling strategy for severe thunderstorm clusters was

developed with a 450 Az x 460 El volumetric update of 10 seconds and a volumetric

resolution of 1.80 Az x 20 El x 300 m range.

For operational weather scanning, the sampling strategy and number of samples

were based on assumptions about the weather phenomena and the MWR-05XP operating

parameters. These assumptions determined the compromises in accuracy and coverage to

insure timely meteorological updates with minimum impact to normal radar search and

track functions. The accuracies of the parameter estimates were then determined. A

sampling strategy for operational weather scanning was developed with a 3600 Az x 340

El volumetric update of 81 seconds and a volumetric resolution of 1.80 Az x 20 El x 150

m range. The resulting accuracies were ± 1.3 dBZ for reflectivity and ± 1.53 m/s for

velocity.
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This work has verified that, in general, for the acquisition of weather data, single

frequency phased array radars offer only a slight sampling advantage over conventional

scanning radars. This advantage is primarily from the time savings electronic beam

steering (in elevation) offers over mechanical beam steering (in elevation). These

savings are only on the order of one second per elevation scan. Factoring in the costs of

phased array technology negates the modest gains in sampling rate. Obviously, a phased

array antenna does not in itself facilitate dramatic improvements in the sampling rate.

The fundamental sampling physics must still be satisfied. For example, there are over

5,000 2' beam positions in a hemisphere. For a 60 second scan, this provides only 6 ms

dwell time for each beam position, which allows for only a few samples to make

measurements. Reflectivity estimates, for example, require approximately 30 or more

independent, uncorrelated samples for each beam position. A further constraint is that a

decorrelation time on the order of 1 ms must elapse between consecutive samples in each

beam position for the same frequency. In order to reduce the time to acquire samples,

other methods, such as multiple beams or frequency diversity in addition to electronic

beam steering, must be employed in combination. With appropriate antenna control and

signal processing, phased array antennas can significantly increase the sampling rate

through electronic beam steering, frequency diversity, or multiple beams.

This research verified that for meteorological sampling with the MWR-05XP,

frequency diversity, coupled with electronic elevation scanning, offers a significant

sampling advantage over conventional radars. The combination of electronic beam

steering and frequency diversity produces a synergistic reduction in sampling time that

increases the overall volumetric update rate. This synergy is realized primarily through

enhanced sampling scheme diversity and, for research applications, a simple reduction in

the sample space for specific phenomena.

This research has also shown that, based on assumptions about the MWR-05XP

operating parameters, it is possible to incorporate operational weather scanning into the

radar's multifunction capability. It is the author's opinion that future research and

development should have a central goal to eventually incorporate WRPs into operational
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AN/MPQ-64 radars and a capability to integrate operational meteorological data (OMD)

from networked PARs into a common operating picture for battlefield commanders.

B. RECOMMENDATIONS FOR CONTINUED DEVELOPMENT

The following recommendations are priority ranked for continued development of

the WRP-05XP as a research tool and eventual consideration to incorporate WRPs into

existing tactical PARs. The recommended approach, therefore, is to develop this

particular radar for research applications first and then focus on adapting and generalizing

the WRP for use on currently fielded military PARs. It is assumed that basic

functionality will be verified (according to the development contract) when the system is

delivered at contract completion. Certainly, other issues and concerns about weather

measurements for research and possible operational use will arise when the radar is

delivered at contract completion.

Research development should initially focus on verification of basic functionality

and measurement accuracy. Follow on work should concentrate on developing scanning

strategies and algorithms for various atmospheric measurement applications where the

radar's unique capabilities (beam steering and frequency agility) can be exploited. This

is most likely in: a) the measurement of convective or other phenomena where the time

scale of structural changes can not be resolved with currently fielded technology, and b)

the measurement of near ground phenomena where the effects of ground clutter can be

more effectively mitigated with the phased array antenna and signal processing.

The next major thrust should be to develop the WRP for use as an add-on

capability to currently fielded PARs. Development should focus on simple reflectivity

and Doppler velocity scanning strategies that can be incorporated into tactical PAR

environmental sensing schemes. Finally, the capability to integrate this OMD from a

system of networked PARs into a common operating picture (COP) for battlefield

commanders should be pursued.

1. Calibration

Accurate measurement of received power requires that system losses and the

input/output characteristics of the radar receiver be measured. The MWR-05XP antenna

loss was measured and some calibration work has been attempted with the receiver.
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During initial receiver calibration, the attenuator setting was not optimized, therefore, a

higher saturation level is anticipated when the attenuator can be controlled with the WRP

(Knorr 18 Feb, 2005). The receiver calibration, in Figure 6.1, shows a very linear

input/output characteristic fit with a 3rd order polynomial curve. In the radar operational

mode, minor variations in peak power and the interpulse period were observed on an

oscilloscope. These must be deciphered before further receiver calibration can proceed

(Knorr 8 Nov, 2004). Receiver calibration should be completed when the system is

delivered at contract completion. An alternate method of calibration utilizing a standard

radar sphere of known diameter should also be considered. Finally, comparison of

simple reflectivity and Doppler products to another radar (i.e., a WSR-88D) should be

conducted to verify basic functionality. Preliminary performance analysis (ref. Figure

2.8) suggest that input saturation at the receiver may occur for high reflectivity signals (Ž

55 dBZ) within 10 km of the radar, therefore a programmable attenuator may be required

at the receiver input.
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2. Pointing Correction Algorithm.

For research applications utilizing frequency shift sampling schemes, a pointing

correction algorithm must be incorporated for accurate placement of the sample volume

in space. Frequency shift sampling steers the beam which collectively results in a slight

non-linear shift of the true sample volume from the GPS positioned sample volume.

Figure 6.2 illustrates this concept. This simple algorithm, which corrects each GPS

indicted radar beam position to the actual sampled beam position, can be incorporated as

a last step in the post processing section before the data is output. This is a fundamental

concern if the radar is used for close range higher resolution data collection where the

radar beamwidth can resolve features such as tornado funnel clouds or mesocyclones.
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dealiasing algorithms must be verified and optimized. The WRP dual and staggered

PRTs must be incorporated into proposed scanning strategies to capitalize on the

tremendous sampling advantages frequency diversity brings to phased array antennas.

The WRP's FPGA controller and digital receiver/signal processor show promise to

explore if phase coding and interlaced sampling techniques, discussed by Doviak and

Zmic (1993), can be incorporated into scanning strategies to address aliasing.

4. Modification for 1 MHz Frequency Scanning Increments.

A modification of the current 20 MHz frequency scanning step increment to 1

MHz should be investigated. This will require software and or hardware modification. A

preliminary analysis of 1 MHz increment sampling for the proposed tomadic storm

sampling scheme indicates a sample time reduction on the order of 16 ms. Simple

extrapolation of these time savings to full hemispheric sampling reduces scanning time an

additional 2 seconds. While these time reductions appear insignificant, higher resolution

frequency scanning adds tremendous versatility to sampling scheme development by

reducing undesired beam steering for consecutive independent pulses. Further

investigation of the benefits that 1 MHz increment sampling can provide for the MWR-

05XP is warranted.

5. Develop a Standard Suite of Output Products.

A suite of reflectivity, velocity, and spectrum width products along with 3-

dimensional visualizations and 4-dimensional (time) algorithms should be developed.

Many WSR-88D RHI and PPI products provide a benchmark for visualization and

algorithm development efforts. In addition to base reflectivity, velocity, and spectrum

width, WSR-88D products and algorithms (OFCM 1991) that show promise for

application as MWR-05XP output products are listed in Table 6.1. To fully realize the

rapid scan and volumetric update capability of the MWR-05XP, 4-dimensional

algorithms that exploit the time domain should be explored. These 4-dimensional

algorithms may be based on scan to scan changes in reflectivity, velocity, and spectrum

width fields, and may provide fundamental insight into the time evolution of weather

phenomena.
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Combined Moment Severe Weather Probability

Composite Reflectivity Storm Relative Velocity

Cross Section Storm Structure

Echo Tops Storm Total Precipitation

Hail Index Storm Track Information

Layer Composite Reflectivity Storm Position Forecast

Mesocyclone Tornadic Vortex Signature

Hourly Precipitation Accumulation Velocity Azimuth Display (VAD)

Precipitation Rate VAD Wind Profile

Severe Weather Analysis Weak Echo Region

Table 6.1. WSR-88D products and algorithms for possible application as MWR-
05XP output products.

6. Strategies for Improved Spectrum Width Measurements.

Scanning and processing strategies for improved spectrum width measurements

should be developed. Beam steering with phased arrays (in elevation for the MWR-

05XP) effectively reduces beam smearing to zero because the beam is essentially fixed in

space during the data acquisition period. Frequency backscanning in azimuth can also

effectively eliminate beam smearing. This improves spectrum width estimates by

removing contamination due to antenna motion. Once reliable SW measurements can be

made, adaptive scanning strategies should be pursued that take advantage of spectrum

width measurements. These strategies can adapt in real time to optimize the dwell time,

subject to a constraint on data quality, and hence, the sampling scheme for various

weather phenomena (Doviak et. al 2001).

7. Strategies to Minimize Ground Clutter.

A method to adaptively train the antenna sidelobe pattern at each site for

improved ground clutter suppression should be designed (Keeler and Frush 1983).

Optimized ground clutter canceling and clutter suppression algorithms would allow true

along the horizon scanning with sufficient ground clutter suppression for near surface

measurements of reflectivity and Doppler velocity. Near surface reflectivity

measurements would improve rainfall estimates and facilitate improved quantitative
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precipitation algorithms. Doppler measurements near the surface would provide data for

previously unobserved low-level mesocylonic rotations (Bluestein et. al 1993).

8. Operational Meteorological Scanning Strategies.

Develop reflectivity and Doppler velocity scanning schemes for operational use

with fielded 3 and 5 cm PARs. This will likely evolve along one of two general lines.

The first is that proposed meteorological scans may be incorporated into the normal

scanning modes of the radar. The second is that meteorological scans may be taken while

the PAR is in a maintenance type mode as proposed in this work. In this case, the WRP

is controlling the radar while the radar is not performing its normal search and track

functions. Although more complicated, the first approach, from a meteorological

standpoint, is better because fully integrated meteorological scans would provide better

time continuity for weather observations.

9. Integrate OMD into COP for Battlefield Commanders.

Develop a capability to integrate operational meteorological data from networked

PARs into a common operating picture for battlefield commanders. The benefits of this

data for command and control and operators are obvious. An awareness of impending

hazardous weather would provide time for coordinated resource protection actions

minimizing the impact to manpower and material. The availability of real-time radar

information in hostile regions of sparse weather data would benefit both operations

planning and mission execution. It is relatively easy to upchannel OMD, so the emphasis

should be to develop the infrastructure to incorporate this information into a COP.

C. RECOMMENDATIONS FOR FUTURE STUDIES

1. Severe Storm and Tornado Measurements in Central US.

Two significant radar limitations in severe weather and type I (mesocyclone

associated) tornado research are: a) the limited volumetric update capability (Wurman

and Randall 2005), and b) the lower limit of near ground measurements due to ground

clutter effects (Davies-Jones et. al 2001). The MWR-05XP, along with the Rapid-DOW

radar, currently under development with the University of Oklahoma and the National

Center for Atmospheric Research, can provide researchers the capability to interrogate

these phenomena with significantly reduced scan times. In particular, near ground
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Doppler measurements of low-level mesocyclogenesis may provide the connection

between mid level and near ground rotation during tornado genesis. Understanding this

connection is a key element to deciphering between mesocyclones that produce tornadoes

and those that do not. The author's opinion is that the MWR-05XP is best suited to this

type research and should be utilized primarily for convective research efforts.

2. Waterspout Measurements on Florida Coast.

The second fundamental type of tornado (type II) is not associated with a parent

mesocyclone. These are generally small, short lived, weak tornadoes such as cold air

funnels and waterspouts. The Florida coast and Keys provide both a spawning ground

and excellent observation platform for waterspouts as coastal convergence zones provide

low level support for their formation. Golden (1974) provides an excellent and in depth

review of Florida Key waterspouts. The MWR-05XP is well suited to study these

phenomena. Numerous cloud studies in this region of the US also provide opportunities

for coordinated efforts between ground based radars and cloud penetration flights. The

MWR-05XP has the capability and could be adapted to, according to Doviak et. al

(2001), simultaneously track these aircraft while providing radar data for later

comparison with the aircraft in-situ instrument data.

3. Stratiform and Convective Precipitation Measurements

A study comparing MWR-05XP rainfall measurements with networked rain gages

should be conducted to develop and optimize quantitative precipitation algorithms for the

radar. Once the precipitation algorithms have been developed, the MWR-05XP can be

utilized as an adjunct to existing rain gage networks to facilitate precipitation studies.

Current radar coverage along the western US coast, particularly coastal California, often

significantly underestimates low-level stratiform rainfall amounts. Stratiform rain

measurements along coastal topography with the MWR-05XP can provide increased

coverage and improved rainfall estimates well below the lowest scan elevation of WSR-

88D radars.
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